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Abstract

Title of Dissertation: “Mechanism of hepatocyte growth factor inhibition of
angiotensin II-induced apoptosis in primary lung cells”

Author: Young H. Lee, Ph.D.
Uniformed Services University of the Health Sciences
4301 Jones Bridge Road, Bethesda, MD 20814
Advisor: Regina M. Day, Ph.D.
Associate Professor
Department of Pharmacology
Uniformed Services University of the Health Sciences
4301 Jones Bridge Road, Bethesda, MD 20814

Pulmonary fibrosis is a progressive disease resulting from the abnormal
regeneration of cells after apoptosis. The air sacs in the lungs and their supporting
structures become inflamed and scarred. As the scarring continues, the lungs stiffen
due to the deposition of collagens and other extracellular matrix proteins. The
thickening and stiffing of the lung eventually leads to difficulty breathing and lack of
oxygen in the bloodstream. Currently, there are no treatments for pulmonary fibrosis,
other than lung transplantation.

Angiotensin II (Ang II) is a key pro-apoptotic factor in fibrotic tissue diseases.
However, the mechanism of Ang II-induced cell death in endothelial cells has not
been previously elucidated. Here, I have identified a novel mechanism for Ang I1-
induced apoptosis that involves SHP-2-induced destabilization of Bcl-x; mRNA
through reduction of nucleolin binding. The degradation of Bcl-xp mRNA caused an

increase in the ratio of pro- to anti-apoptotic proteins, resulting in mitochondrial outer

membrane permeabilization and subsequent cellular apoptosis.

il



Hepatocyte growth factor (HGF), a potent endogenous tissue repair factor, has
been demonstrated to attenuate lung fibrosis in murine models, but the mechanism is
yet unknown. I hypothesized that HGF may prevent endothelial cell apoptosis
induced by Ang II. Here, I demonstrated the ability of HGF to inhibit Ang II-induced
apoptosis by stabilizing the Bcl-x; mRNA through the phosphorylation and
cytoplasmic localization of the nucleolin in both in vitro and in ex vivo lung tissue
explants. The known mechanism of HGF inhibition of Ang II-induced apoptosis may

provide novel targets for the mitigation of fibrotic diseases in future.
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Chapter 1

Objectives



Idiopathic pulmonary fibrosis (IPF) is a disease that is steadily increasing in
frequency without any discrepancies in race, age, seX, or socio-economic distributions.
Currently, the pathophysiology of this disease is not clearly understood, and there is
no curative therapy short of organ transplant. Since most patients are diagnosed with
the disease in a late and often fatal stage, organ transplant may not be an option, thus
new therapeutic strategies are desperately needed. Pulmonary fibrosis is characterized
by the progressive loss of normal lung architecture associated with the apoptosis of
alveolar epithelial and endothelial cells, which leads to the proliferation of activated
fibroblasts and alterations in the extracellular matrix. Activated fibroblasts or
myofibroblasts are believed to play a central role in the development and progression
of the disease.

While angiotensin II (Ang II) has predominately been studied for its role in
blood pressure homeostasis, it has also been strongly correlated to the development
and progression of pulmonary fibrosis. In both in vitro and in vivo studies, Ang I1
mediates growth and transdifferentiation of myofibroblasts. Ang II also has been
shown to induce epithelial and endothelial cell apoptosis. Human patients with
pulmonary fibrosis expressed increased level of Ang II and angiotensin converting
enzyme. While the effect of Ang II has been linked to pulmonary fibrosis disease, the
signaling mechanism of Ang II-induced endothelial apoptosis is still unknown.

Antithetical to Ang II, hepatocyte growth factor (HGF), an endogenous growth
factor, contributes to epithelial and endothelial cell survival. Animal studies show that
administration of HGF induces proliferation of epithelial and endothelial cells,

promotes normal tissue regeneration, and inhibits the development of fibrosis. The



simultaneous or delayed administration of HGF to mice undergoing bleomycin-
induced lung injury inhibits both endothelial and epithelial cell apoptosis, the
manifestation of fibroblast foci, and the deposition of collagen typically found in
pulmonary fibrosis. Overall, HGF appears to have the ability to mediate tissue repair
in a manner that evades aberrant tissue remodeling pathways, yet the mechanism
remains unknown. Based on these findings, I hypothesize that fibrosis in lung
injury and IPF is mediated by Ang Il. T further hypothesize that HGF acts as a
major effector, involved in the repair and protection of the lung by interfering
with the downstream signal transduction cascade of Ang Il. Successful
completion of the proposed research may lead to the development of a targeted

therapy for IPF that may successfully delay or prevent development of fibrosis.

The main objectives of this research were to advance understanding with
regard to the involvement of Ang II in IPF using a cell model system, and to develop
the rationale for the targeted therapy of HGF in repressing or preventing fibrosis in the
lung. To address these objectives, I proposed the following specific aims:

1) Identify signaling mechanisms required for Ang II-mediated apoptosis in the
pulmonary artery endothelial cells
2) Determine the anti-apoptotic mechanisms of HGF in Ang II-induced apoptosis in

the pulmonary artery endothelial cells

The long term goal of this study was to develop targeted therapy using HGF

in IPF, with the principles that this molecule can be considered a biological response



modifier to prevent and also to repress fibrosis in lung injuries by targeting relevant

biomarkers.



Chapter 2

Significance



Data from human studies and animal models indicate that apoptosis of
pulmonary epithelial and endothelial cells is a critical event in acute lung injury, adult
respiratory distress syndrome (ARDS), and may be a causative factor leading to the
development of pulmonary fibrosis [1]. Increased levels of apoptotic factors have
been detected in bronchoalveolar lavage fluid from ARDS patients, acute lung injury,
and pulmonary fibrosis [2-5]. Apoptosis has been documented in bronchial and
alveolar epithelial cells adjacent to fibrotic plaques from patients with idiopathic and
bleomycin-induced pulmonary fibrosis [6-9]. Epithelial and endothelial cell apoptosis
is a key feature in animal models of lung injury and fibrosis [10-13]. Bleomycin, a
chemotherapeutic agent which is commonly used as an inducer of pulmonary fibrosis
in the animal model, produces apoptosis in bronchial and alveolar epithelial cells
during the progression of the disease [14]. Furthermore, induction of apoptosis alone
is sufficient to induce pulmonary fibrosis [15]; for example, an antibody against the
death receptor-activating protein Fas was aerosolized into the mice and induced
alveolar epithelial apoptosis and ultimately resulted in pulmonary fibrosis after
inhalation [15]. Importantly, the inhibition of cellular apoptosis using a caspase
inhibitor reduced the number of apoptotic cells as well as collagen deposition, and
stopped the progression of fibrosis in mice treated with bleomycin [16-18]. Overall,
human and animal data indicate that epithelial and endothelial cell apoptosis plays a
significant role in acute lung injury, ARDS, and the development of pulmonary
fibrosis. By understanding the mechanism of cellular apoptosis in the pulmonary
fibrosis, therapeutic options can be designed and help prevent the progression of the

disease.



Chapter 3

Introduction



Physiology of the lung

The primary function of the lung is to provide a highly efficient area for rapid
gas exchange, which is achieved by a well synchronized interaction of the lungs with
the central nervous system, circulatory system, chest wall musculature, and the
diaphragm. In addition, the lung serves as a reservoir for blood and to move air to and
from the exchange surfaces of the lungs. The lung also protects the respiratory
epithelia from dehydration, temperature changes, and invasion by pathogens.
Respiratory diseases interfere with ventilation, blood flow, and gas exchange, which
will ultimately lead to respiratory failure and death.

There are two primary functions for which the lung is structured: 1) to
transport air to and from the lung and nose/mouth (ventilation) and 2) to allow gas
exchange from the lung to the rest of the body (circulatory system for perfusion). The
respiratory tract consists of the airways which carry air to and from the exchange
surfaces of the lungs. At the distal end, the trachea divides into a pair of respiratory
branches. The conducting airways consist of about 23 divisions of branching tubes
including main bronchi, lobar bronchi, segmental bronchi, leading to terminal
bronchioles that become smaller and shorter as they infiltrate deeper into the lung.
The main function of the lung is to achieve inspired gas to the gas-exchange regions of
the lung. Gas exchange takes place in the alveolus, where the laminar blood flow and
the inhaled air are divided by a thin layer of tissue (Figure 1). Only ~10% of the

normal healthy lung is occupied by solid tissue; the majority of the lung is filled with



Alveoli

L

Figure 1: Physiology of the Lung. When the air enters through the nose or mouth, it travels
through the trachea into the chest. The trachea branches into two bronchi, one going to each
lung. Inside the lungs, the bronchi branches into smaller bronchi and then into bronchioles.
Each bronchiole has air sacs or alveoli at its end. The blood flows between the thin walls of
nearby alveoli, allowing oxygen to move from the air into the blood and carbon dioxide to
move from the blood to the air, to  be breathed out.
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air and blood. While the lung structure is delicate as to allow gas exchange, it must
also be sturdy to maintain the architectural integrity to sustain the alveolar structure.

Although the lung has no function during the fetal stage, only to assume a vital
role starting at the birth, by the late stage of gestation the lung acquires all of the
essential components for full morphological development [19]. Fundamental to this
development are the connective tissue elements, which play an important role in lung
morphology and mechanical properties [19]. The lung has two well defined interstitial
connective tissue compartments, the connective tissue (e.g., peribronchovascular
sheaths, interlobular septa, and visceral pleura) and the parenchymal interstitium [20].
These two compartments have anatomical and functional differences. Collagen type
IV is mainly located in the parenchymal compartment where the basement membranes
of the capillary endothelium and alveolar epithelium are found. The lymphatics are
found mainly in the loose-binding connective tissue. The lung interstitium is
predominantely occupied by a matrix composed of glycosaminoglycans [20], various
interstitial cells such as mast cells, plasma cells and leukocytes, and fibers such as
collagen types I and III, elastin, proteoglycans, fibronectin and reticulin [21-24]. Of
these, collagen has the greatest tensile strength and plays a role in limiting lung
expansion [25]. In the lung, collagen is found associated with blood vessels, bronchi,
and the alveolar interstitium [26, 27].

The major physiological role of the lung is gas exchange, where the incoming
fresh air is passed through the branching airways to the terminal respiratory units,
where the mixing of gas occurs largely through molecular diffusion [28]. Capillaries

bring blood with low levels of oxygen and high levels of carbon dioxide to the lung.
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The carbon dioxide disseminates into the alveoli for removal from the bloodstream
and oxygen is transferred to the capillaries; afterward, the oxygenated blood flows
through pulmonary veins to the left heart for distribution to the tissues of the body

[20].

Interstitial lung diseases

Under physiological conditions, the interstitial lung space is a fine and
virtually invisible space between the basement membrane of the alveolar epithelium
and the alveolar capillary endothelium (Figure 2)[29]. Small numbers of interstitial
macrophages, fibroblasts and myofibroblasts are present. The extracellular matrix
(ECM) proteins, primarily collagen and related macromolecules, as well as
noncollagenous proteins such as fibronectin and laminin, are also present in the lung
interstitium [30].

Deregulated production and degradation of the ECM in tissue remodeling after
lung injury may lead to the amassing of ECM in the alveolar walls and spaces during
pulmonary fibrosis. Various cells of the lung, such as macrophages, endothelial cells,
alveolar and bronchiolar epithelial cells, and fibroblasts can produce ECM
components following lung injury. The activated fibroblasts is one of the causes of
exaggerated ECM production in fibrosing lung disease due to their ability to produce
collagen [31]. Previous studies have demonstrated that lung injury induces

inflammation either followed by or concurrently with the tissue remodeling process.
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ECM proteins have many biological functions, including the modulation of

inflammatory and fibrotic processes. The ECM has an important role in enhancing the



Alveolar Space

» Surfactant Surface
%

Type 1 Epithelial Cells
Type Il Epithelial Cells Epithelial basement
/ membrane
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Figure 2: The diagram of the main constituents of alveolus. The epithelium of the alveoli
contains two types of cells. 1) Type 1 pneumocytes or large flattened cells. They cover 95% of
the total alveolar area, which present a thin diffusion barrier for gases. They are connected to
each other by tight junctions. 2) Type 2 pneumocytes amke up 5% of the total alveolar area but
is 60% of total number of cells. Type 2 epithelial cells secrete surfactant, which decreases the
surface tension betw een the alveolar walls. These cells are connected by tight junctions. The
intersitital space, interposed between the endothelial and epithelial cells, is composed of three
dimensional scaffold of insoluble macromolecules around the interstitial cells composed mostly
of fibroblasts and macrophages; the space is also filled with a solution of soluble solutes of
various molecular weight, from salts to large molecular weight plasma protein, dispersed in a

aquous environment. Endothelial cells of blood capillaries are continuous and non-fenestrated.

The thin layer of endothelial cells allow a place for gas-exchange.
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adhesion and migration of both inflammatory and non-inflammatory cells [32]. In
addition, the ECM is chemotactic to various types of cells, and activates immune cells
to yield inflammatory factors such as prostaglandins, superoxide and cytokines that
enhance inflammation and fibrosis [33, 34]. ECM- derived signals may regulate cell

proliferation and differentiation, as well as apoptosis [35].

Clinical and histological features of IPF

Idiopathic pulmonary fibrosis (IPF) is a severe and progressive disease [36].
The development of IPF involves gradual replacement of the lung tissue with fibrosis
or scarring, typically resulting from microscopic injury to the lung [37]. In the past,
the predominant theory was that the process of pulmonary fibrosis began with
inflammation, which resulted in scar formation [38, 39]. However, it has recently
been suggested that fibrosis itself, signfying abnormal wound repair, is the primary
process while inflammation is secondary [38, 39].

Pulmonary fibrosis initiates in the tissue of the interstitium, which supports the
structures of the lung, specifically alveoli [29]. The destruction of the alveolar
architecture results in irreversible loss of pulmonary function and impaired gas
exchange [40]; death usually occurs as the result of respiratory insufficiency [41].
While there are many lung diseases that lead to shortness of breath (dyspnea), they in
general fall into two main gropus: obstructive disease or restrictive disease [42].
Obstructive lung diseases create airflow problems. Air can infiltrate the lung, but is

trapped and has difficulty being released. Things that regulate or hamper the flow of
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air include constraint or contraction of the breathing tubes as well as increased
secretions and swelling of the lining as a result of inflammation. Cystic fibrosis,
asthma, bronchitis, emphysema, and chronic obstructive pulmonary disease are types
of obstructive diseases. In contrast, pulmonary fibrosis and various pneumonias are
types of restrictive diseases. Restrictive disease is a low-air-volume disorder, where
the bloodstream cannot get enough oxygen due to thickened walls of the alveoli. In
the case of pulmonary fibrosis, the disease primarily involves scarring of the lung, in
which the air sacs of the lungs progressively become replaced with the fibrotic tissue.
When the scar forms in the lung, the tissue becomes thicker resulting in an irreparable
loss of the capacity of the tissue to transfer oxygen into the bloodstream.

Many acute and chronic lung disorders with varying levels of pulmonary
inflammation and fibrosis are together characterized as interstitial lung diseases.
Idiopathic pulmonary fibrosis (IPF) is defined as one of several forms of chronic
fibrosing interstitial pneumonias limited to the lung and linked with the histologic
appearance of interstitial pneumonia on surgical lung biopsy. The histology of IPF is
the heterogenous appearance of alternating areas of normal lung with interstitial
inflammation and fibrosis in the early stages, with extensive honeycombing and septal
thickening in the later disease stages [43]. The pathology of pulmonary fibrosis in the
lung is characterized by the apoptosis of epithelial and endothelial cells, proliferation
of activated fibroblasts (myofibroblasts), and extensive deposition of collagen and

other ECM proteins [44].
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Initial Trigger of IPF

Fibrosis or scarring can sometimes be associated to particular causes such as
prolonged exposure to occupational or environmental contaminants or dusts. These
contaminants can include inorganic dusts such as talc, asbestos, silica, beryllium and
hard metal dusts or organic dusts such as bacteria and animal proteins. Some related
diseases include asbestosis and silicosis. Other potential risk factors identified for
IPF, without a clear or significant connection, are cigarette smoking [45-47], exposure
to prescribed drugs [48], and various other environmental factors [45, 46, 49-52]. IPF
has also been connected with a number of infectious agents such as Epstein-Barr virus
[53-55], hepatitis C [56-58], influenza [59-61] and cytomegalovirus [62].
Parainfluenza 1 virus [63], human immunodeficiency virus 1 [64], measles virus [65],
parainfluenza 3 virus [66], herpesvirus 6 [67], Mycoplasma [68], and legionnaires’
disease [69] have also been implicated as possible participants in the pathogenesis of
IPF. Genetic predisposition to IPF has been taken into consideration [70-72] but no

specific genetic markers have been identified [73].

Angiotensin Il-mediated IPF
Recent studies strongly correlate angiotensin II (Ang II) with the development
and progression of pulmonary fibrosis, primarily by inducing the growth and
transdifferentiation of normal fibroblasts to myofibroblasts, as well as the induction of
apoptosis in epithelial and endothelial cells [74]. Human lung myofibroblasts from

patients with idiopathic pulmonary fibrosis were found to generate Ang Il [75]. The
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cellular actions of Ang II have been connected to the autocrine release of growth
factors, such as platelet-derived growth factor (PDGF), basic fibroblast growth factor
(bFGF), and transforming growth factor B (TGF[), which are all potent inducers of the
myofibroblast activation and procollagen synthesis [76, 77]. While the effect of Ang
Il on fibroblasts is an intensive and ongoing area of research, the signal
transduction mechanism of Ang Il leading to endothelial cell apoptosis remains

unknown.

Diagnosis of IPF

IPF progresses in an either harsh or insidious manner that may be difficult to
expose using factors such as symptomatology, chest radiographic findings, or
spirometry alone [78], thus the accurate incidence and frequency of IPF are not
known. The course of pulmonary fibrosis varies from patient to patient. For some,
the disease may advance slowly and gradually over several years, while for others it
may develop rapidly. While some patients may notice symptoms ranging from
moderate to severe, other patients stabilize for a period of time. Symptoms are not
always present at the onset of the disease. Scarring may occur long before any
symptoms develop. The main symptom of pulmonary fibrosis is dyspnea, or shortness
of breath. Most patients often ignore the occasional difficulty with breathing,
attributing it to old age or being physically unfit [41]. As the condition deteriorates
and the damage to the lung becomes severe, breathlessness may occur with slight

physical actions. Another indication of progressive disease includes a dry hacking
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cough. Patients may notice flu-like symptoms such as fatigue, weight loss and aching
muscles and joints. In addition, they may experience enlargement and bulb-like
development of the fingertips and nails, a condition called clubbing [41]. Clinical
deterioration of the patient’s health is most frequently the result of disease
progression. Respiratory failure is the main cause of mortality, accounting for about
40% of the deaths of patients with IPF [41]. Other causes of mortality in IPF patients
include heart failure, ischemic heart disease, infection, and pulmonary emboli [41].
Currently, the incidence of IPF is estimated at 10.7 cases per 100,000 males and 7.4
cases per 100,000 females per year [79]. The average age at disease onset is 40-60
years but the disease can occur at any age. Although not common, IPF does occur in
children as young as 3 years of age. Rarely, interstitial lung disease has been
diagnosed in children less than one year of age. Life expectancy after diagnosis varies

between 2 to 5 years with a 5-year survival of only 30% [80-87] .

Current Treatment for IPF
Many treatments of IPF are based on the concept that inflammation leads to
pulmonary injury and fibrosis [88]. Initially, it was thought that inflammatory and
immune effector cells accumulated within the pulmonary parenchyma, and as this
alveolar and interstitial reaction continued, alveolar wall, vascular, and airway damage
would continue [87]. Based on this theory, reparative processes would become

inadequate or impaired due to the inflammatory response, thus resulting in fibrosis.
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As a result, the lung parenchyma would be irreversibly disturbed and gas exchange
function impaired.

While this early conceptualization of the pathogenesis of pulmonary fibrosis
suggests several theoretical points of therapeutic intervention, the most common
treatments have been anti-inflammatory medication and lung transplantation. Optimal
therapy for IPF remains controversial [89]. Thus far, treatment plans have been based
on eradicating or repressing the inflammatory component. There are no
pharmacological therapies that have been confirmed to alter or reverse the
inflammatory process of IPF. Conventional treatment options include
corticosteroids [80, 90-93], immunosuppressive/cytotoxic agents (e.g. azathioprine,
cyclophosphamide) [90, 94, 95], and antifibrotic agents targeting collagen depositions

(e.g. colchicines or D-penicillamine) [72, 90, 96, 97] alone or in combination.

Pathogenesis of IPF
The pathogenesis of IPF is a controversial topic. Two main hypotheses have
arisen in past years: an inflammatory model of IPF pathogenesis and
epithelial/endothelial fibroblastic model.

Based on the inflammatory model, a chronic and unresolved inflammatory
process is followed by an unrecognized insult which injures the lung and initiates lung
fibrogenesis [38]. This theory is based on the idea that injury and inflammation of the
alveolar-capillary constituents and the basement membrane lead to the loss of type I

epithelial and endothelial cells. This would cause in the loss of alveolar space
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integrity, proliferation and recruitment of stromal cells and the accumulation of ECM
proteins [98]. However, there is little evidence that inflammation initiates and plays
an important part in the disease. IPF patients taking anti-inflammatory drugs have
shown no improvement or regression of fibrosis [43].

The second hypothesis is the epithelial/endothelial fibroblastic model, where
the injury on the epithelial and endothelial cells causes the formation of fibroblastic
foci, resulting in a deposition of ECM and abnormal lung structure [38]. The primary
site of the injury and repair are these fibroblastic foci, which are regions of fibroblastic
proliferation. Active proliferation and secretion of fibroblasts/myofibroblasts with
exaggerated deposition of ECM leads to the fibrosis. The alveolar epithelial and
endothelial cells are injured and undergo apoptosis, leading to abnormal cell
regeneration. Numerous in vitro and in vivo studies demonstrate that altered
fibroblasts during IPF fibrotic lung injury release angiotensin II and other soluble
factors that are capable of inducing apoptosis and induce alveolar cell death [75, 99].
Cellular apoptosis then results in extensive deposition of ECM that causes the

destruction of alveolar-capillary unit and loss of lung function [38, 43, 100-102].

Fibroblasts
Fibroblasts are the primary stromal cells that participate in repair and
regenerative processes in human tissue and organs. The main function of the

fibroblasts is to secrete ECM proteins to provide a tissue scaffold for normal repair
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events after an injury. After the tissue repair, it is crucial for the fibroblasts and
myofibroblasts to undergo apoptosis to return to the normal tissue architecture [103].

Fibroblasts are present in the adventitia of the vascular structures and airways
of the normal human adult lung. The lung is comprised ~40% of the interstitial
fibroblasts. They are usually cultured as adherent cells with spindle-shape
morphology. The fibroblasts express interstitial collagens of type I and III [104].

In the normal lung, fibroblasts synthesize a small amount of matrix; however,
activated myofibroblasts are considered the key effector cells responsible for the
increased ECM deposition in IPF [38, 101]. Myofibroblasts are a differentiated
fibroblast cell type that is characterized by elevated production of ECM [105]. The
morphological change associated with the progression of fibrosis is the fibroblastic
foci, which is characterized by a cluster of fibroblasts/myofibroblasts within the
alveolar wall; it represents a site of acute lung injury, in which the alveolar cells are
destroyed and the epithelial basement membrane is uncovered [37, 106-109]. The
origin of fibroblast foci are unknown but possibilities include transdifferentiation of
epithelial cells to fibroblast phenotypes during the process called epithelial-to-
mesenchymal transition [110-112], recruitment of circulating fibroblast precursors
called fibrocytes [113-115], and differentitation of resident fibroblasts [104].

In an attempt to repair the damaged area of the tissue, the newly proliferated
fibroblasts move to the injured area where they transform into the myofibroblasts that
contract the wound and assemble new ECM [107]. Afterward, programmed cell death
(apoptosis) occurs to mediate the downregulation of myofibroblast while the epithelial

and endothelial cells regenerate [101]. In IPF, there is increased and continuous
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destroyed cellular contents are released into the cell surroundings, causing a strong
inflammatory response and damage to surrounding cells [122].

The molecular mechanisms of the apoptotic signaling pathway, including the
initiation, mediation, execution and the regulation, have been intensively explored. In
mammals, various external signals can trigger two major apoptotic pathways, namely
the death receptor-dependent extrinsic pathway or the mitochondrial-dependent

intrinsic pathway.

1. Extrinsic apoptosis: In the extrinsic pathway, extracellular apoptotic
signals, such as death ligands, bind to cell surface death receptors (Figure 3).
Examples of these receptors include the tumor necrosis factor (TNF) receptor, TRAIL,
or Fas receptor [123]. The stimulation of death receptors results in their
oligomerization and subsequent recruitment of the Fas-associated death domain
(FADD) and initiator pro-caspase-8, resulting in formation of the death inducing
signaling complex (DISC). Caspase 8 activation is prior to the activation of
downstream effector caspases of the cell death program, including caspase 3, 6, and 7

[124].

2. Intrinsic apoptosis: Intrinsic apoptosis is activated following intracellular
signals including growth factor deprivation, oxidative stress, or DNA damage induced
by chemicals or irradiation (Figure 3). Intrinsic signals initiate apoptosis via
mitochondria dysregulation [125]. In this pathway, the mitochondria release

cytochrome c to the cytoplasm to initiate a caspase cascade. Cytosolic cytochrome ¢
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Figure 3: Extrinsic vs Intrinsic Pathway. The extrinsic pathway begins outside the cell through the
binding and activation of death receptors on the cell surface by pro-apoptotic ligands. Extrinsic
pathway requires activation of initiator caspase 8 to activate effector caspase 3 and apoptosis.
The intrinsic apoptotic pathway hinges on the ratio between pro- and anti-apoptotic members of the
Bcl-2 family, which act to regulate the permeability of the mitochondrial membrane and its release
of cytochrome ¢ Initiator caspase 9 is activated in the intrinsic pathway, which cleaves and
activates caspase 3 to induce apoptosis.
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binds to apoptosis protease activator factor 1 (Apaf-1) and initiator pro-caspase 9.
This forms an intracellular DISC-like complex called the apoptosome. Within the
apoptosome, caspase 9 is activated, leading to the cleavage and activation of caspase 3
[126].

Cellular apoptosis is controlled by a complex network of pro- and anti-
apoptotic molecules. Expression of anti-apoptotic molecules keeps the activation of
pro-apoptotic factors in check [127]. Moreover, when apoptotic signals arise in the
cells, pro-apoptotic factors can offset those inhibitory signals, resulting in a decreased
ratio of anti-apoptotic to pro-apoptotic. The decrease in the ratio is sufficient to
induce apoptosis (Figure 4) [128].

Mitochondrial outer membrane permeabilization (MOMP) is a key event of the
intrinsic apoptotic process. MOMP is primarily regulated by Bcl-2 family members.
Once MOMP occurs, cell death occurs through either the release of apoptotic
molecules or by the loss of mitochondrial function that is essential for cell survival
[129].

The approximately 20 Bcl-2 family members can be divided into three groups.
Each group contains at least one of four conserved Bcl-2 Homology (BH) domains
(Figure 5). Anti-apoptotic members such as Bcl-2, Bel-x, Bel-w, A1 and Mcl-1
promote cell survival. The other two groups promote cell death. The multi-BH
domain proteins Bax, Bak, and Bok share three domains, BH1, BH2, and BH3, with
Bcl-2 [121, 130]. BH3 proteins, such as Bid, Bad, and Bim possess only the short

BH3 interaction domain.
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Figure 4: Balance between pro- and anti-apoptotic protein. The Bcl-2 family can be separated into
three groups: anti-apoptotic members include Bcl-2, Bcl-x , Mcl-1, A1 and Bcl-w; pro-apoptotic
proteins include Bax, Bak, and Bok; the BH3-only proteins include Bad, Bik Bid, Puma, Bim, Bmf,
Noxa and Hrk. The interaction between the anti-and pro-apoptotic proteins led to a rheostat model
which the ratio of pro-apoptotic and anti-apoptotic proteins controls cell fate. When the anti-
apoptotic protein s bind to the pro-apoptotic, it neutralizes the death-inducing effects. Increase in
the pro-apoptotic proteins lead to higher rate of pro-apoptotic dimerization and subsequent
apoptosis. Increase in the anti-apoptotic proteins signify cell survival.
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Figure 5: Bcl-2 homology domains. Based on the homology domains, the Bcl-2 family is divided
into three functional groups. The anti-apoptotic group (Bcl-2, Bcl-xL, Bcl-w, Mcl-1) contains four
Bcl-2 homology domains (BH1,2,3,4). Pro-apoptotic group (Bax, Bak) contains three Bcl-2
homology domains (BH1,2,3). BH3-only group (Bad, Bim, Bid, Bik Noxa, PUMA) contains only
one conserved domain (Bh3). Adapted image from Trends in Cell Biology (2008) Vol 18. No. 4
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Bcl-xp predominantly localizes to the mitochondrial membrane. Through its BH1-3
domains, Bel-x; binds to and sequesters pro-apoptotic molecules possessing the BH3
domain [131], such as Bax and Bak, and renders them inactive to initiate MOMP.
Activation of Bax and Bak proteins leads to MOMP through conformational changes
of the protein, inducing oligomerization and insertion into the outer mitochondrial
membrane. This action forms pores through which proteins such as cytochrome ¢
from the intermembrane space of the mitochondria can diffuse to the cytosol.
Cytochrome c release can then trigger the assembly of apoptosomes and activate the
caspase cascade [132-134]. Studies have shown that overexpression of Bcl-x. can
impede the oligomerization of Bax and Bak and prevents the release of cytochrome ¢
by binding to those proteins [131, 135-137].

The expression of Bcl-xy is regulated via three possible mechanisms:
transcription [138, 139], alternative splicing [138] and translation [140]. Various
studies have shown that mRNA stability also plays an important role in Bel-xp
expression [141]. The stabilization is dependent on the 3’UTR region of the Bel-xp.

mRNA [139].

3. Caspases: Caspases are Cysteine-rich aspartic-specific proteases, that are
some of the main effectors of apoptosis [142]. To date, there are 14 known
mammalian caspases and all share a number of common features. For example,
caspases are synthesized as inactive pro-enzymes, containing a prodomain followed by
p20 and p10 subunits, and are activated by cleavage of the pro-enzymes [143]. All

caspases can cleave at the Asp-Xxx bond, unique among mammalian proteases.



29

While overexpression of all 14 caspases results in cell death, not all of them
are directly involved in cellular apoptosis [144]. The caspases can be divided into
three groups based on their functions. First is the inflammatory caspase group that
includes caspases 1, 4, 5, 11, 12, 13, and 14. These caspases induce inflammation,
instead of cellular apoptosis. The second group includes the apoptotic initiator
caspases. They have long prodomains containing either a death effector domain
(DED) (caspase 8 and 10) or caspase activation and recruitment domain (CARD)
(caspase 2 and 9), which are located upstream in the apoptotic pathway and are
involved in the activation of other caspases. The last group contains the apoptotic
effector caspases, which perform their function downstream in the apoptotic pathway
by cleavage of proteins such as the nuclear enzyme poly (ADP-ribose) polymerase
(PARP) [145]. This executioner class (caspase 3, 6, and 7) is characterized by the
presence of a short prodomain and is activated by upstream caspases [146].

Initiator and effector caspases are triggered by different mechanisms. The
cellular death signal triggers the oligomerization of death adaptor proteins, such as
Apaf-1 (intrinsic apoptotic adaptor protein) or FADD (extrinsic apoptotic adaptor
protein). These death adaptor oligomers then induce the aggregation of pro-caspases.
Previously, it was believed that the initiator caspases were autoproteolytically
activated when brought close to each other (induced proximity model) [124]. This
model was developed further into the proximity-induced dimerization model, in which
the homodimerization of caspase 9 is promoted by the apoptososome due to the
increased local concentration. In the same way, the DISC induces dimerization and

subsequent auto-activation of caspase 8 [147, 148]. The death effector domains
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(DED) of caspase 8 and 10 and the caspase activation and recruitment domains
(CARD) of caspase 9 and 2 mediate their interactions with DED or CARD-containing
adaptor proteins such as FADD or Apaf-1 [149]. Studies of knockout mice indicate
that caspase 8 is required for all extrinsic (death receptor mediated) apoptosis, whereas
caspase 9 is involved in the intrinsic (mitochondria-mediated) apoptotic pathway [150-
152].

After the active initiator cleaves and activates effector pro-caspases, the
activated effector caspases cleave various death substrates to induce cell death. Most
caspases are triggered by proteolytic cleavage at two sites in the zymogens containing
the Asp-X sites [153]. The caspase cascade is used by cells for the activation of the
three downstream effector caspases, caspase 3, 6, and 7 [154]. In vitro studies also
show that caspases 3 and 7 can be activated by caspase 6, 8, 9 and 10 [146]. These
effector caspases are more abundant and active than the initiator caspases 8 and 9.
Caspase 3 knockout mice display an apoptotic defect in both intrinsic and extrinsic
pathway stimuli, suggesting that caspase 3 plays a crucial role as an executioner

caspase [155, 156].

Pulmonary Epithelial and Endothelial Cell Apoptosis
and Survival of Myofibroblasts in IPF
Apoptosis plays a key role in homeostasis to maintain a balance between cell
proliferation and cell death. Repair following the lung injury involves the removal of

proliferating mesenchymal and inflammatory cells from the alveolar airspace or
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alveolar wall [157]. Failure to clear unwanted cells through apoptosis prolongs
inflammation due to the release of unnecessary toxic elements from those cells, which
subsequently results in pulmonary fibrosis. The key features of the pathobiology of
IPF are the myofibroblast accumulation and activation [158]. Exaggerated apoptosis
can also result in unbalanced tissue homeostasis and contribute to the pathogenesis.
Increased apoptosis of alveolar epithelial cells (AEC) and endothelial cells may result
in ineffective regeneration of a damaged lung, thus promoting a fibrotic tissue repair
response.

There are two types of AECs that are morphologically and functionally
different. The type I AECs are large elongated cells on the surface of the lung, which
comprise the greater part of the epithelial component of the air-blood barrier (Figure
2) [159]. Type IT AECs are cuboidal cells with rounded nuclei that have numerous
cytoplasmic organelles, including lamellar bodies, which are the storage sites for
pulmonary surfactant [159]. Both AEC types play an essential function in the
respiratory task of the lung and are thought to be the main sites of lung damage in
pulmonary fibrosis, causing interstitial fibrosis [160]. While the AEC in IPF appear to
be injured with a high rate of apoptosis, the factors involved are not known and the
mechanism of cellular apoptosis is still unknown. Recent studies demonstrated
increased apoptosis in type II AECs in human patients with IPF [161]; increased
expression of pro-apoptotic proteins and decreased expression of anti-apoptotic
proteins were also reported [162].

While the AEC apoptosis in IPF is evident, the cause/effect relationship is still

unclear. Animal model data suggest that excessive AEC apoptosis can lead to lung
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fibrogenesis. Mice that were contacted with aerosolized activating anti-Fas antibody
were associated with AEC apoptosis and the development of pulmonary fibrosis [15].
Transgenic overexpression of active transforming growth factor -1 (TGFf3-1) on
murine lung induced epithelial apoptosis, which resulted in mononuclear-rich
inflammation, tissue fibrosis, and myofibroblast hyperplasia, and honeycombing,
which is a classic pathological characteristic of fibrosis [163]. Furthermore,
bleomycin-induced pulmonary fibrosis in murine model expressed AEC apoptosis,
which was shown to be inhibited by caspase inhibitors [164].

While the causative factors and the mechanism of AEC apoptosis are still
unknown, studies have shown that both the intrinsic [165] and extrinsic [166-168]
apoptosis pathways are involved. Type II AECs express high levels of p53 and DNA
fragments in IPF patients [7, 162]. Oxidative stress also has been proposed to induce
AEC apoptosis. IPF patients showed evidence of oxidative damage by quantifying the
formation of 8-hydroxy-deoxyguanosine in their lung tissues [169, 170]. It was
previously thought that the reactive oxygen species (ROS) generation that induced
AEC death in IPF was from the alveolar inflammatory cells [169, 171] but recent
studies suggest that structural cells of the lung, especially the activated myofibroblasts,
produce high levels of extracellular ROS which can induce cell injury and death of
epithelial cells [172].

Epithelial-mesenchymal interactions are essential to the normal organogenesis.
If there is dysregulated communication between these cellular components, it can
result in the initiation of fibrosis [158]. Various factors can contribute to this

dysregulated communication. A study was done with the advanced fibrotic human
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lung, which demonstrated that AEC apoptosis occurring next to the a-smooth muscle
actin-expressing myofibroblasts can cause dysregulated communication [8] and also
cause the secretion of Ang II [75]. When the isolated myofibroblasts from IPF lung
tissue were activated by TGF-B1, they released a significant amount of hydrogen
peroxide which induced apoptosis of lung epithelial cells [172]. Furthermore, it has
been shown that TGF-B1 itself can induce Fas-mediated apoptosis [173]. Thus,
myofibroblast-secreted products such as Ang II, Fas and ROS can either directly or
indirectly induce apoptosis of AEC.

Elimination of myofibroblasts by apoptosis is a crucial phase during normal
cutaneous wound healing; abnormal processes during this phase can lead to fibrotic
disorders [174]. There are very few studies on the apoptosis and survival signaling of
fibroblasts/myofibroblasts of IPF and thus, there are is definite evidence that the
resistance of myofibroblasts to apoptosis is responsible for the fibroblastic foci of IPF.
Also, the reasoning behind how the mesenchymal cells can survive while the adjacent
endothelial and epithelial cells submit to apoptosis in the same alveolar
microenvironment is still unknown. However, in the human IPF studies, while the
tissues showed an increased rate of apoptosis and high levels of apoptotic markers,
adjacent fibroblasts/myofibroblasts showed virtually no apoptosis [8, 162]. Based on
the study by Denton et al. [175], genetic alterations in mesenchymal cells might be
sufficient to promote a fibrogenic tissue response. This study suggests that inherent
differences of the cell types might be the determining factor of cellular apoptosis and

survival.
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Pulmonary endothelial cells are primarily involved in homeostasis and gas
exchange in the lung. While several studies have provided evidence for endothelial
cell apoptosis as an important event in pulmonary fibrosis, clear understanding of the
signaling mechanism is still unknown [176]. Endothelial cells damage is connected
with interstitial edema, leukocyte invasion and decreased gas exchange [177]. The
functional or structural defect of endothelial cells may lead to breakdown or cell death
of type II epithelial cells and may promote pulmonary fibrosis [40].

Bleomycin, a common drug used to generate animal models of lung injury and
fibrogensis, was shown to induce significant endothelial apoptosis in mice [178].
When VEGF, an angiogenic factor that promotes the growth and survival of
endothelial cells [179], inhibited TGF-B1-induced endothelial apoptosis, it also
ameliorated fibrotic remodeling in a rat model of pulmonary fibrosis [180]. Yoshida
et al. found that endothelial cells from human patients with IPF had decreased levels
of cell survival signals, such as MAPK, and increased apoptotic cell death [181].

Pulmonary endothelial cells are also activated in a variety of inflammatory
diseases, and their dysfunction is important in pulmonary fibrosis. Endothelial cells
express inflammatory and fibrogenic cytokines, which is important in inflammatory

infiltration, cellular growth and matrix synthesis [182].

Angiotensin Il and Pulmonary Fibrosis
Angiotensin is a polypeptide vasopressor hormone generated by the catalytic

action of renin, which is released mainly by the kidneys in reaction to low blood
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volume or low sodium content in the body (Figure 6) [183]. Renal juxtaglomerular
cells release renin when the juxtaglomerular apparatus decreases in the kidneys.
Renin, also called angiotensinogenase, is a hydrolase that catalyzes cleavage of the
leucine-leucine bond in angiotensinogen (a serum globulin) to form angiotensin I in
the liver [183]. Angiotensin I acts mainly as a precursor to Ang I, which is a
vasopressor and stimulator of aldosterone secretion by the adrenal cortex, and
functions also as a neurotransmitter. Ang II is formed by the catalytic action of the
hydrolase peptidyl dipeptidase A on the C terminal phenylalanine of angiotensin I
[184-186]. When activating Ang II, peptidyl dipeptidase A is known as angiotensin
converting enzyme (ACE), and when cleaving and inactivating kinins, it is known as
kininase II.

The vasoactive polypeptide Ang II in human pathology has been primarily
studied with regard to its role in blood pressure homeostasis and hypertension, though
its function has recently been extended to a variety of chronic and progressive tissue
scarring diseases and organ sclerosis, with an emphasis on the heart, lung, liver and
kidney [184]. These systems are characterized by the local production of Ang I,
which exerts paracrine and autocrine effects in the vicinity of its sites of activation.
Tissue remodeling in all of these organs involves a coordinated interplay between

activated fibroblast proliferation and the death of normal constituent cells, and it has
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Figure 6: Angiotensin system. Angiotensinogen is produced and released from the liver.
Angiotensin | is then formed by peptide cleavage of angiotensinogen by the renin enzyme
that is produced in the kidney. Angiotensin | is convereted to angiotensin Il by removing
two terminal residues by the angiotensin converting enzyme, which is found mainly in the
capillaries of the lung. Angiotensin Il has various actions in the body, including
vasoconstriction, aldosterone release, and vasopresin
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been confirmed that Ang II is a potent inducer of apoptosis and the progression of
fibrotic remodeling [187-190].

Increased findings in IPF patients, pulmonary fibrosis induced-animal models,
and cell culture data have provided significant evidence for the importance of Ang II
in the regulation of pulmonary epithelial and endothelial cell apoptosis in the
progression of pulmonary fibrosis [191-193]. Biopsies of human fibrotic lung tissue
show an increase in Ang II levels compared to normal healthy tissues [194, 195].
Studies by Konigshoff et al. [196, 197] demonstrated increased levels of Ang II and its
receptors in patients with lung fibrosis. Patients with acute respiratory distress
syndrome and pulmonary fibrosis, increased expression of ACE has also been shown
[1, 198, 199]. Increased levels of Ang II were seen in fibrotic tissues in human
studies, and in vivo studies using Ang II antagonists confirmed the role of Ang Il in
fibrosis in animal models [199]. Experimentally-induced lung fibrosis in rats and
mice was inhibited by Ang II antagonists and ACE inhibitors [16, 200]. The blockade
of Ang II- induced fibrosis was linked to inhibition of epithelial and endothelial cell
apoptosis [16, 17, 200]. Immunohistochemistry experiments showed that epithelial
cell apoptosis occurred in regions adjacent to activated myofibroblasts in the human
lung [8]. Cultured fibroblasts taken from human lung tissue were shown to induce
apoptosis in primary lung epithelial cells in an Ang II-dependent manner [75]. Fas
and TNF-a have also been shown to be upregulated in fibrosis, resulting in epithelial
cell apoptosis in a manner which requires de novo synthesis of Ang II [201, 202]. Ang
IT has been correlated with the increased expression of another important pro-fibrotic

cytokine, transforming growth factor B (TGFp), and remodeling events of pulmonary



38

fibrosis [203]. Recent studies have shown that Ang II is also strongly associated with
tissue injury and fibrogenesis in circulatory organs [204] and lungs [205]. Together,
these results indicate that Ang II plays a key role in lung epithelial and endothelial cell
apoptosis during the development of lung fibrosis.

Additionally, ACE is found to be upregulated in response to tissue injury. For
example, ACE mRNA and protein are upreguated during heart failure, vascular
injuries as well as the bleomycin-induced pulmonary injuries [206, 207].
Physiologically, ACE may act as a tissue repair mediator early in the injury by
activating Ang II, which can promote vascular inflammation, smooth muscle cell and
fibroblast growth and deposition of ECM proteins [206, 208]. Increased ACE
expression and Ang II production in damaged tissues have also been associated with
remodeling and fibrosis [77, 209-212]. Investigations of the effects of ACE inhibitors
on cardiac tissue reveal that ACE has a significant influence on cardiac remodeling
[213]. Due to the fact that tissue remodeling entails a coordinated relationship
between cell proliferation and death, it has been thought and confirmed that Ang Il is a
potent inducer of apoptosis [194, 195]. Capillary endothelial cells are considered the
most effective producers of circulating Ang II by virtue of the ACE activity in the
lumen of the pulmonary vascular lining [214, 215]. Animal studies using the ACE
inhibitors captopril or lisinopril, attenuated fibrosis in the heart, kidney and lung by
reducing fibroblast proliferation and preventing apoptosis of epithelial and endothelial
cells [8, 17, 75, 210, 212, 216, 217]. ACE inhibitors have also been shown to slow

myofibroblast growth in fibrotic tissue culture by reducing the Ang II production [77,
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208, 218]. While the connection between Ang Il and fibrosis has been made, the
signal transduction mechanism is still not understood.

Although the exact extravascular concentration of Ang II in the lung is
unknown, it is known that the levels increase in both plasma and lung tissue during
injury [219, 220]. Lu ef al. [221] showed that inflammatory cells, predominantly
ED1+ macrophages, invading infarcted myocardium during the inflammatory phase of
tissue repair, are implicated in the appearance of ROS at this site, which contributes to
the inflammatory phase of repair post myocardial infarction. Upregulated expression
of ACE and Ang II receptors by macrophages found at the infarct site insinuates a
source for locally generated Ang II. More importantly, subsequent studies have found
that endogenous or xenobiotic toxins can evoke an autocrine synthesis of Ang II [222].
It has been found that activation of Fas (APO1, CD95), a receptor known to be
expressed and functional in the induction of apoptosis, stimulates AECs to synthesize
Ang II, which in turn induces apoptosis [223]. Autocrine production of Ang Il is also
required for the apoptotic death of AECs in response to TNF-a [224]. The finding
that the autocrine generation of Ang 11 is required in the mediation of apoptotic
cell death in both epithelial and endothelial cells may have major implications for
the therapeutic management of acute lung injury and fibrogenesis.

A study done in human umbilical vein endothelial cells [176] showed that
purified Ang II could induce apoptosis with an ECsoof 100nM, a concentration well
above the normal plasma Ang II concentration of 5-8pM [225] but a concentration
which is believed to have physiological relevance in tissues where local Ang II

production occurs [226]. The resulting apoptosis could be prevented by simultaneous
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blockade of both angiotensin II receptor type 1 (AT1) and type 2 (AT2). Another
study showed that in human coronary artery endothelial cells, Ang II could potentiate
apoptosis induced by TNF-a [227]. So far, the effect of Ang I1-induced apoptosis
has not been determined with primary cultures of pulmonary microvascular

endothelial cells.

Angiotensin Il Signaling Pathways

The classes of Ang Il receptors, AT1 and AT2, were first identified on a
pharmacologic basis, followed by cloning of their cDNAs [224, 228, 229]. Both
receptors are G protein coupled proteins with 7 transmembrane regions. The
identification of the receptors led to the definition of new properties of Ang II, e.g.,
apoptosis, cell growth, and differentiation during development [196, 226].
Interestingly, Ang II exerts positive or negative survival effects depending on which
subtype, AT1 or AT2, of receptors the peptide binds to as well as the cell types. AT2
receptors have been shown to be pro-apoptotic in fibroblasts, smooth muscle cells,
HUVEC:s, and the rat pheochromocytoma cell line (PC12W), while AT1 was anti-
apoptotic [176, 230, 231]. In contrast, Ang II-induced apoptosis in primary and
transformed epithelial cells and coronary artery endothelial cells was shown to be
mediated by the AT1 receptor [223, 227, 232]. The signaling pathways leading to
apoptosis also proved to be cell type-dependent. In A549 and primary alveolar
epithelial cells, AT1-mediated apoptosis was shown to be inhibited by the PKC

inhibitor chelerythrine, but not by the broad tyrosine phosphatase inhibitor sodium
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orthovanadate [232]. In contrast, in PC12W cells and HUVECs, AT2-mediated
apoptosis was shown to require MAPK phosphatase-1 and -3, respectively, and
subsequent Bcl-2 dephosphorylation [233, 234]. CHO-K1, COS-7, and
neuroblastoma cells were shown to undergo apoptosis in response to the activation of
the AT2 receptor [235]. To date, the mechanism of Ang Il on apoptosis has not yet
been determined with primary cultures of pulmonary endothelial cells and will

be addressed in the thesis.

1. Angiotensin Il Type I Receptor (AT1): Mitogenic and hypertrophic effects
mediated by the AT1 subtype are illustrated by a wide variety of phosphorylation
cascades. The extracellular N-terminal region of the AT1 receptors and the
transmembrane helices contain binding sites for Ang II and play roles in Ang II-
mediated activation of the receptor [236]. The extracellular region contains cysteine
residues, which are implicated as binding and glycosylation sites [237].

The AT receptor is coupled via different G proteins to various signal
transduction systems, including enzymes, such as phospholipase C-B1, phospholipase
C-v1, phospholipase A2, adenylate cyclase, tyrosine kinase, or ion channels (L-type
calcium channel). The binding of Ang II to the AT1 receptors occurs at two affinity
levels. The high affinity status corresponds to an active conformation of the receptor
consisting of a ternary complex made of Ang II, receptor, and a G protein, whereas the
low affinity status corresponds to a binary complex without a G protein. In the
presence of guanylnucleotides, the G protein is dissociated from the receptor resulting

in a decrease in ligand affinity. Site-directed mutagenesis experiments show that the
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three intracellular loops and the C-terminal segment of the receptor contain the amino
acid sequences which are related to G protein coupling [238].

The Ang II-AT1 complex is internalized followed by a reinsertion of the AT1
receptor into the membrane after release of the ligand. Internalization represents one
of the mechanisms whereby target cells become desensitized in response to a repeated
treatment with Ang II. This process depends on the phosphorylation of serine and
threonine residues in the C-terminal intracellular region of the receptor [236].
Activation of the AT1 receptor leads to the phosphorylation of the platelet-derived
growth factor receptor (PDGF-R) [239] and to stimulation of Ras-Raf-mitogen-
activated protein (MAP) kinase [240, 241], p70 S6 kinase [241] and Janus Kinase
(JAK) [242, 243] signaling pathways, usually activated downstream of cytokine and

growth factor receptors.

2. Angiotensin Il Type Il Receptor (AT2): The AT2 receptor, consisting of
363 amino acids, is a seven transmembrane domain protein; but in contrast to the AT1
receptor, its binding to G proteins is still debated and its physiological role is not
completely understood [244]. The AT2 receptor is highly expressed in the fetal tissue,
including skeletal system, brain, fetal aorta, adrenal medulla, heart, kidney, and lung
but regresses after birth, suggesting the importance of AT2 in fetal development [245].
While the expression is limited in adults to few tissues, during pathological conditions,
AT2 expression is increased in numbers of injured tissues, including pancreas, heart,

kidney, adrenals, brain, and lung [245-250] and expressed during tissue remodeling
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where the AT2 receptor is thought to play a role in the apoptosis of smooth
muscle cells and endothelial cells [176, 251-255].

AT1 receptor mRNA and protein have been found to localize to vascular
smooth muscle cells, macrophages and in the stroma underlying the airway epithelium
relating to underlying fibroblasts. The AT1 receptor protein is not expressed in the
epithelium although there is a low level of mRNA [203]. In contrast, AT2 receptor
mRNA and protein have been observed in the epithelium, with strong staining on the
bronchial epithelial cell brush border and also on many of the underlying mucous
glands [203]. The AT2 receptor is also present on some endothelial cells [203]. There
is a rising speculation that the AT2 receptor, which may antagonize the in vivo effects
of AT1 on blood pressure and renal natriuresis [256], may also participate in the
regulation of vascular cell growth [257-259].

In vitro, AT2 receptors mediate inhibition of cell proliferation in rat coronary
endothelial cells [253] and in NIH3T3 fibroblasts stably expressing the rat AT2
receptor cDNA [222]. Through an AT2 receptor-mediated mechanism, rat
pheochromocytoma PC12W cells [231] and neurite outgrowth in NG108-15 cells
[260] underwent apoptosis. Moreover, via the AT2 receptor, Ang II has been
implicated in the synthesis of the ECM protein collagen [261]. A study by Konigshoff
et al. found that highly expressed AT2 mediates fibrosis signaling in the bleomycin-
exposed lung of mice [199]. Using the AT2 antagonist PD123319, Waseda ef al.
decreased bleomycin-induced pulmonary fibrosis in mice [262].

AT2 receptor signaling is entirely distinct from that of the AT1 receptor.

There are three possible transduction mechanisms for AT2 receptor signaling: (1) the
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activation of protein phosphatases, (2) the activation of the NO/cGMP system, and (3)
stimulation of phospholipase A2 with subsequent release of arachidonic acid [263].

There are three specific phosphatases identified which are stimulated upon
AT?2 activation: mitogen-activated protein kinase phosphatase 1 (MKP-1) [233, 264,
265], Src homology-2 domain-containing phosphatase 1/2 (SHP-1/2) [264-266], and
protein phosphatase 2A (PP2A) [267]. MKP-1 dephosphorylates threonine- residues,
while PP2A is an okadaic acid-sensitive serine/threonine phosphatase [263].
Signaling via activation of the SHP protein phosphatase is considered the main
mechanism in AT2 receptor signaling, especially for the negative cross-talk of this
receptor with growth factors and the AT1 receptor.

One major action of AT2 is to counteract growth factor-induced cell
proliferation and to induce apoptosis [268]. Growth factors mediate their growth
promoting actions primarily via tyrosine-kinase receptors and several additional kinase
driven phosphorylation steps further down the respective signaling cascades.
Extracellular signal-regulated kinases 1 and 2 (ERK1/2) seem to play a key role in
these phosphorylation signaling cascades. The AT2 receptor hinders these
phosphorylation cascades by reversion of the phosphorylation steps through
phosphatase activation. Dephosphorylation and subsequent inhibition of ERK1/2 has
been shown downstream of AT2 activation and all three AT2 activated phosphatases
(MKP-1, SHP, and PP2A) seem to be involved [233, 266, 267, 269-271]. Since these
phosphatases reach their maximal activation at different time points and display
divergent dephosphorylation specificities, they may interact with the ERK1/2 cascade

at different time points [263]. Studies showed that the AT2-activated phosphatases
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block ERK1/2-mediated activity [272, 273]. The inactivation of ERK1/2 seems to be
a key event not only in AT2-mediated growth inhibition, but also in apoptosis, which
could be dependent on the activation of MKP-1 and SHP and subsequently, on Bcl-2
dephosphorylation by MKP-1 and upregulation of Bax [230].

Activation of nitric oxide (NO) release with a subsequent increase in
intracellular cGMP levels is one of very few signaling pathways which are shared by
the AT1 and AT2 receptors [274]. An AT2-coupled increase in NO generation can be
observed in vascular tissue of diverse origin such as cultured bovine aortic endothelial
cells [275, 276], microvessels and coronary arteries from dogs [277], and isolated rat
renal arteries [277, 278]. In some tissues, the AT2-induced increase in NO synthesis
depends on the release of endogenous bradykinin. In the vasculature, this signaling
cascade mediates vasorelaxation induced via AT2 receptors, a common result of NO
production [279].

In vivo studies have shown that Ang II, via the AT2 receptor, also activates
phospholipase A2 [280]. This results in the release of arachidonic acid and
contributes to the activation of a Na'/HCO3" symporter system, which regulates
intracellular pH [281, 282]. In renal cells, arachidonic acid released upon AT2
stimulation and cytochrome P450 dependent metabolites generated from arachidonic
acid have been shown to activate MAP-kinases and additional kinases further

downstream of the Ras signaling pathway [283-285].

3. Other AT2 properties: ATBP50 is a Golgi membrane-associated protein

which, on activation, binds to the cytoplasmic carboxy terminal of AT2 and regulates
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the transport of the AT2 receptor to the cell membrane, thus modulating AT2
expression at the cell surface [286]. The level of receptor expression seems to be
critical for the inhibition of proliferation and the induction of apoptosis, since the
inhibitory effect mediated by AT2, at least in part, depends on the presence and
density, but not on the extracellular activation of the receptor [287].

Ceramides are intracellular lipid second messengers involved in cytokine
signaling. It has been shown that ceramides are de novo synthesized upon AT2
activation [288]. They are thought to mediate pro-apoptotic stimulus via activation of
caspase 3 [288, 289]. Caspase 3 has been previously shown to be upregulated in

response to AT2 activation and to subsequently initiate apoptosis [176].

AT2-Associated Proteins

1. G-protein subunits: Although the AT2 receptor is related to G-protein
coupled receptors, the signaling mechanism of the receptor seems to involve unusual
second messengers in addition to more classical G-protein coupled mediators [290].
In some cases, AT2 is coupled to Gig- and Gigs- proteins [291, 292]. However, in a
recent study by Feng ef al. [235], activation of the tyrosine phosphatase SHP-1 seems
to depend on the Gg,-independent constitutive association of Gas with SHP-1 and the
AT?2 receptor in the epithelial cell line of NIE 115 cells and transfected COS-7 cells
(Figure 7). Using mutant receptors and G protein inhibiting peptides, the study
showed that SHP-1 activation is completely independent of G-protein activation.

Also, the constitutive association of the isolated alpha subunit, and not the
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Active SHP-1

Inactive SHP-1

Ang Il

Figure 7: Activation of SHP-1. Feng et al. demonstrated in epithelial cells that SHP-1
activation is independent of G-protein activation. The constitutive association of the isolated
alpha subunit, and not the hetero trimeric G-protein, is essential to the Ang Il activation of
SHP-1. In a non-activated state, SHP-1 is kept inactive through interaction of two SH2
domains with its catalytic domain. Upon physical interaction between the AT2 and Gas, SHP-
1 dissociates from the receptor and is activated by removal of the self-constraint imposed by
the SH2 domain. In the absence of Gasubunit, SHP-1 cannot be activated. The study
concludes that the activation of SHP-1 requires the physical presence but an inactive form of
Gas. Feng et al (2002) Proc Natl Acad Sci U S A. Vol. 99 No. 19
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heterotrimeric G-protein, is essential to the Ang II activation of SHP-1. In an dormant
state, SHP-1 is kept inactive through interaction of two SH2 domains with its catalytic
domain. Upon physical interaction between the AT2 and Gas, SHP-1 dissociates from
the receptor and is activated by removal of the self-constraint imposed by the SH2

domain [235].

2. AMPK: AMP-activated kinase (AMPK) is a heterotrimeric kinase which
functions as a metabolic regulator of cellular enzymes that are primarily involved in
fat and carbohydrate metabolism, which regulate ATP conservation and synthesis
[293]. When there is an increased ratio of AMP:ATP, AMPK is activated; increased
AMPK activation is seen under conditions of stress, including hypoxia and ischemia.
AMPK protein is formed by by a, B, and y subunits; these three subunits play a
specific role in the stability and the activity of AMPK. The y subunit has four
cystathionine beta synthase (CBS) domain which gives the AMPK the ability to detect
the shift in the AMP:ATP ratio. The four CBS domain have binding site for AMP,
also known as Bateman domain. As AMP binds to the Bateman domain, the y subunit
undergoes a conformational change which exposes the catalyic domain on the o
subunit. In this catalytic domain, phosphorylation can take place at threonine-172 by
AMPK kinase (AMPKK). This activation of AMPK then decreases the AMP:ATP
ratio by turning off ATP-consuming pathways and turning on the ATP-generation
pathways [293].

There have been few studies linking Ang II to the activation of AMPK [294,

295]. Using Ang Il-infused rats, Hattori ef al. [294] found that AMPK works as a



49

stimulator of the Ang II-induced cardiac fibroblasts. The study also showed that Ang
[T-activated AMPK leads to the increase of vascular smooth cell proliferation [294].
Feng et al. (unpublished finding) placed AMPK activation directly downstream of
AT2 receptor activation. This finding coincides with Hattori’s conclusion that AMPK
phosphorylation and activation falls between Ang II receptor and downstream signals

[296].

3. SHP-2: As mentioned above, SHP (1 and 2) phosphatase is one of the main
proteins known to function downstream of AT2. It is characterized by two Src
homology 2 (SH2) NH,-terminal domains and a C-terminal protein-tyrosine
phosphatase domain. Previous studies showed that SHP-1 is primarily expressed in
epithelial and hematopoietic cells, but not in endothelial cells [297-301]. On the
contrary, SHP-2 is expressed ubiquitously [302]. Various studies showed that the
activation of SHP results from tyrosine phosphorylation [303-305]. In SHP-2, Tyr**
and Tyr * are the proposed sites of phosphorylation [304, 305].

SHP proteins are involved in various cellular activities, such as trophic factor
signaling, cell division, cell growth, cell differentiation, and cytoskeletal maintenance
[306-312]. Specifically, studies have also linked the activation of SHP-2 to the
apoptosis of epithelial, endothelial and hematopoietic cell and progression of fibrosis

in the lung, heart, and the kidney [313-318].
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Nucleolin

Nucleolin, also known as C23, is a nuclear phosphoprotein, abundantly
expressed in exponentially growing cells and has been shown to be mainly localized in
dense fibrillar regions of the nucleolus [319-322]. It has also been found on the cell
surface [323-325] and in the cytoplasm [326, 327]. Nucleolin contains an import
signal and can translocate between the cytoplasm and nucleus [328]. Schwab et al.
showed that the cytoplasmic localization of nucleolin requires phosphorylation of the
protein, while nuclear translocation is due to its dephosphorylation [329]. Studies
demonstrate that nucleolin in the nucleus can induce apoptosis, while nucleolin in the
cytoplasm has an anti-apoptotic effect [330, 331]. The downregulation of either form
of nucleolin can inhibit cellular proliferation and induce apoptosis [332].

Nucleolin is a member of the ribonucleoprotein (RNP)-containing family of
RNA-binding proteins. This mutilfunctional protein was shown to be involved in
chromatin decondensation [333], ribosome maturation and assembly [334, 335],
transcriptional regulation [336, 337], the transcription and processing of rRNA by
RNA polymerase I [321, 338-342], cell proliferation [343], apoptosis [344], nuclear
and cytoplasmic shuttling [345], mRNP assembly [346], and mRNA stability [347].
Phosphorylation of nucleolin by cdc2, CK2, and PKC- have been connected to
various cellular activities including cytokinesis, cell growth and proliferation,
nucleogenesis, transcriptional repression and cytoplasmic-nucleolar transport of
ribosomal components [348]. While the overall function of nucleolin has been studied
in depth, the signal transduction pathways regulating nucleolin are not yet fully

understood. A study by Westmark et al. presented that in peripheral blood



51

mononuclear cells, the upregulation of nucleolin mRNA required a phosphorylation of
extracellular-regulated kinase (ERK) [349].

Nucleolin, composed of 707 amino acids, has three major domains [322]. Each
nucleolin domain regulates different DNA, RNA, and protein processing. The amino-
terminal domain, which contains a helical domain, is comprised of four acidic
stretches. This domain controls the interaction with chromatin and modulates the
nucleic acid binding activity of the protein [321, 322, 341, 350-353]. This region also
contains phosphorylation sites for casein kinase II (CKII), cdc2, and other protein
kinases; the phosphorylation of these sites stabilizes the nucleolin protein [354-356].
The carboxyl-terminal domain is defined as spaced Arg-Gly Gly (RGG) repeats
interspersed with amino acids and functions to unfold the RNA secondary structure
and also controls nucleolar localization [357-362]. In addition, this domain may also
function to mediate protein-protein and protein-nucleic acid interaction [363].

The central globular domain is involved in pre-RNA recognition where the
nucleolin can bind to two mutually exclusive RNA sequences [364]. This central
domain contains four RNA binding domain (RBD) regions, where the protein can
interact with the RNA [365, 366]. RBD1 and RBD2 with the 12 amino acid linker
form the first binding site for the nucleolin recognition element (NRE), a hairpin that
displays a conserved loop (U/G)CCCG(A/G) sequence. The NMR structure of
nucleolin showed that RBD1 made contact with 6 RNA nucleotides and RBD2
contacted with 2 RNA nucleotides [367]. Furthermore, the protein linker showed
sequence specific recognition of the RNA [368]. The second RNA-binding site is the

evolutionarily conserved motif (ECM) that is a single stranded 11 nucleotide
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sequence. In the nucleolin-EMC RNA complex, all four RBDs are required for

binding [368].

1. Nucleolin-mediated mRNA stabilization of Bcl-x. mMRNA: In mammalian
cells, the rate limiting step of mRNA degradation is controlled by polyadenylate
[Poly(A)] RNase (PARN) that causes poly(A) deadenylation [369]. For mRNA
degradation, the poly(A) tail must be shortened to ~30 to 60 nucleotides [370]. After
deadenylation, hydrolysis of the 5’ 7-methylguanosine cap takes place. This process
allows 5°-3” exoribonuclease Xrnl to degrade the decapped mRNA [371, 372].
However, studies have also shown that the primary degradation pathway can be
mediated by exosomes, complexes made of at least ten 3°-5° exonucleases [369, 371,
372].

Many of the elements that regulate mRNA stability register to the 3°-
untranslated regions (3’UTRs) of mRNA, including, IL-6, IL-2, cyclins, renin, c-myc,
granulocyte, glucose transport 1, Cox-2, and ferritin [369, 373-375]. Prominently, a
cis-element, AU-rich element (ARE) has been shown to be critical for the stability of
mRNAs [376-379]. AREs typically contain multiple copies of the AUUUA pentamer
and have a high content of U or A-U. AUUUA motifs are often associated with
destabilization of mRNAs [370, 380]. Studies of various mRNAs suggest that the
destabilizing effects of ARE and AUUA motifs can be increased or decreased by
interactions with ARE-binding proteins [381, 382]. It is estimated that close to 10%

of all mRNAs contain varying numbers of AREs [373, 375].
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Each transcribed mRNA is associated with RNA-binding proteins to form
specific ribonucleoprotein (RNP) complexes. Studies show that these complexes can
determine the role in the mRNA, including stability [383, 384], nuclear and
cytoplasmic localization [385-387] and alternative splicing [388]. There are two
different mechanisms known by which the ARE can degrade and stabilize the
mRNAs. The first possible mechanism is where the ARE-binding proteins physically
interact with and recruit RNA decay machinery to accelerate RNA degradation. For
example, K homology splicing regulatory protein (KSRP), Tristetraprolin and
ARE/poly(U)-binding/degradation factor 1 (AUF1), well known destabilizing factors,
accelerated mRNA degradation by recruiting the PARN and exosomes [371, 389]. On
the other hand, proteins can bind to and interact with the RNA to stabilize and increase
the mRNA half-life [390-392]. For example, HuR can stabilize and prevent mRNA
degradation of numerous messages, such as those for p21, cyclins A and B1, B-casein,
renin and Cox-2 through the ARE element [393].

The interaction of nuceolin with the RNA falls into the latter category of
mechanisms, where the nucleolin protein binds to the 3’UTR mRNA to stabilize the
message, and prevent mRNA from degradation (Figure 8). Nucleolin has been shown
to bind to and stabilize various mRNAs including bcl-2, amyloid precursor protein,
Gadd45, IL-2, B-globin and Bel-x; [141, 326, 391, 394, 395]. A study by Zhang et al.
[141] ascertained that the nucleolin protein distinctively identifies the AU-rich
elements (AUUUA) of the 3’UTR of the Bcl-xp mRNA. Under UVA irradiation, the

nucleolin protein dissociated from the Bcl-x; mRNA and human keratinocyte cells
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underwent apoptosis; however when the cells overexpressed the nucleolin protein, it

stabilized
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Figure 8: Nucleolin-mRNA interaction. Nucleolin protein has been shown to bind to the AU rich
region of the 3'UTR region of the mRNA. The binding results in the stabilization of the mRNA,
while the detachment causes destabilization and decrease in the mRNA decay.
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the Bel-xp mRNA and cellular apoptosis was prevented. This study suggested that
nucleolin protects the Bcl-xp mRNA from nuclease degradation by RNA-nucleolin

binding.

Hepatocyte Growth Factor
Hepatocyte growth factor (HGF) is a pleiotrophic peptide and growth

factor that evokes a number of diverse responses in different cells and tissues. HGF,
which was initially isolated from fibroblasts, stimulates the motility of epithelial cells
and has been shown to have a wide range of effects on events which occur during the
wound healing process [396-401]. HGF is structurally distinct from other growth
factors and is mainly produced by mesenchymal cells [402, 403]. The mature HGF
molecule is a heterodimer consisting of a 69 kDa a-chain and a 34 kDa -chain
(Figure 9) [399] . It contains a unique serine protease that catalyzes the enzymatic
hydrolysis of the single-chain to elicit the mature heterodimeric form [398, 399, 404].
HGF contains an N-terminal hairpin loop and four kringle domains (K1, K2, K3, and
K4) [405], each located on the a-subunit. The hairpin domain plays a role in
mediating receptor-ligand binding [406], and the four kringle domains participate in
the function and activation of the HGF receptor.

HGEF is secreted by various cell types including pulmonary fibroblasts, first as
an inactive 92 kDa single chain precursor form called pro-HGF [407, 408]. Once
injury occurs in the tissue, the active and mature form of HGF is produced by

proteolytic processing by HGF activator (HGFA) [407-409]. HGFA is first
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Figure 9: Hepatocyte Growth Factor and cMET receptor. Secreted by mesenchymal cells, HGF
targets primarily on the epithelial and endothelial cells. Itis secreted as a single inactive pol ypeptide
and is cleaved by serine protease into a 69-kDa echain and 34-kDa {&hain. The -ghain contains
N-terminal domain (residues 31-127) followed by four kringle domains (K1-K4). The [hain
resembles a serine protease in sequence but has no protease activity. A disulfide bond between the

a and Bchain produ ces the active, heterodimeric molecule. HGF are mediated by its receptor,
cMET, a proto-oncogene product with an intracellular tyrosine kinase domain. ¢ MET activation can

mediate multiple signaling pathways, including proliferation, branching morphogeneiss, migration,

and angiogenesis signals.
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synthesized as an inactive precursor (96kDa) and is secreted by various cell types such
as hepatocytes [407]. Pro-HGFA expression is shown to increase in the injured organ
[408]. HGFA is then locally activated to the active form (34kDa), mainly by thrombin
[410]. As mentioned above, the mature HGF is a heterodimeric molecule consisting
of a-chain and B-chain held together by a disulfide bond. It is only in the
heterodimeric form that HGF gains its activity, suggesting that the regulation of
proteolytic activation of pro-HGF is crucial step in modulation of HGF biological
activity [408, 411, 412]

HGF is required for a variety of biological functions including development
and tissue repair in the adult. HGF stimulate cellular activities including growth,
morphogenesis and motility. The diversity of function depends on specific target
tissues and cell types. HGF mRNA has been shown to be elevated in both injured and
noninjured tissues following damage to the kidney [413], gastrointestinal [414], lung
[415], liver [416], myocardial tissue [417], and retinal epithelium [418]. Furthermore,
HGF has been shown to ameliorate fibrosis as the result of injury in the lung [419-
4221, liver [423, 424], heart [216, 425, 426] and kidney [413, 427, 428].

HGF has been shown to play a key role in lung homeostasis, especially in the
alveolar space [429, 430]. Experimental models of lung fibrosis using C57BL/6 mice,
have shown that HGF acts as an anti-fibrotic factor [422]. Furthermore, HGF limited
lung fibrosis in vivo after bleoymycin injury in rodents when given intravenously
[422] or intratracheally [421]; on the other hand, an inhibitory anti-HGF antibody
worsened pulmonary fiboris induced by bleomycin [296]. Simultaneous or delayed

administration of HGF inhibits bleomycin-induced endothelial and epithelial cell
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apoptosis and deposition of collagen [421, 422]. Similar findings have also been
shown with hydrogen peroxide-induced rats, as an injection of HGF protein prevents

lung injury [431].

HGF receptor cMet

The receptor for HGF is cMet, which is the product of the c-met
protooncogene [432-434]. The receptor is a tyrosine kinase receptor consisting of
two disulfide-linked subunits, a 50 kDa a-chain disulfide linked to a 145 kDa -chain
[406], with a single non-interrupted kinase domain which shares the homology with
the src family of tyrosine kinases (Figure 9) [435-439]. The a-chain is exposed at the
cell surface while the B-chain spans the cell membrane and possesses an intracellular
tyrosine kinase domain [404, 434, 439, 440]. While HGF is a paracrine factor
produced by cells of mesenchymal origin such as fibroblasts and macrophages, c-Met
is expressed on epithelial cells [441] and nonepithelial cells including muscle cells
[442], hepatic stellate cells [443], neurons [444, 445], microglial cells [446], and
endothelial cells [447]. Because the HGF receptor is located only on epithelial and
endothelial cell types, but not on fibroblasts, it provides specificity for HGF-
induced growth and anti-apoptotic activities.

The binding of HGF to c-Met appears to be mediated primarily by the N-
terminal, K1, and possibly K2 domains [434, 448-454]. HGF binds and induces
tyrosine phosphorylation of the c-Met receptor, resulting in a ligand-dependent

receptor homodimerization, which allows cross-phosphorylation of tyrosine residues
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located on the intracellular portion of the cMet B-chain [439, 448-455]. The response
elicited within the cell depends on which SH-2 containing protein binds to a specific

phosphotyrosine on c-Met [456-458].

HGF-mediated signal transduction

cMet receptor expression is induced by a number of agents including HGF,
phorbol myristate acetate, epidermal growth factor, conconavalin A, IL-1 and -6,
TNF-a, tamoxifen, and steroidal hormones such as estrogen, progesterone, and
dexamethasone [458-460]. Stimulation of c-Met by HGF results in the
phosphorylation of intracellular signaling proteins containing Src homology domains
such as phospholipase C-y [457]. Phosphorylation of phospholipase C-y (PLC v)
results in the hydrolysis of phosphatidylinositol bisphosphate to form diacylglycerol
(DAG) and inositol 1,4,5-triphosphate (IP3) [406]. The formation of DAG and IP3
results in activation of distinct downstream signaling pathways of protein kinase C
(PKC) and Ca®" mobilization, respectively. PLC v activation is required for growth
factor-induced cell motility [461]. Cell proliferation results from phosphorylation of
cMet followed by an activation of the mitogen activated protein kinase (MAPK)
pathway in response to different intracellular signaling molecules [406]. Some of the
adaptor proteins and direct kinase substrates found in this pathway are Grb2, Gabl,
PI3K, phospholipase Cy, Shc, Src, Shp2, Shipl and STAT 3 [462, 463].

Gab and Grb2 are considered critical effectors and they interact with the

receptor cMet directly. Following HGF binding to cMet and receptor
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phosphorylation, Ras, the guanine-nucleotide binding protein, becomes stimulated by
the guanine nucleotide exchange factor-catalyzed exchange of GDP for GTP [406].
Growth factors induce alteration in cell movement and cell shape by remodeling the
actin cytoskeleton. Members of the Rho subfamily of small GTP-binding proteins
mediate such alterations.

Another possible target of the HGF receptor kinase is the focal adhesion kinase
(FAK) [464-466]. The FAK activation generates the formation of focal adhesions, an
initial stage to increased cell motility and tissue invasion by transformed cells. The
phosphorylation of paxillin, another focal adhesion protein, may also alter the
adhesion of Met transformed cells [467]. HGF also inhibits anoikis, which is defined
as the induction of apoptosis through suspension of cells, by triggering ERK and Akt
kinase activations [468]. This activity may contribute to the anchorage independent
growth of Met transformed cells. Signaling by integrins also plays a key role in HGF
mediated tissue growth and cell invasion. The a6B4 integrin acts as a cofactor along
with Met to participate in cell growth and proliferation [469]. Additionally to altering
cell proliferation, motility, and cell adhesion, HGF adjusts cellular transcription
through activation of STAT3, transcriptional factor known for anti-apoptotic and

cellular growth properties [470, 471].
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Reagents- Angiotensin Il was purchased from Bachem, Inc. (Torrance, CA). Cytochrome
¢, Bcl-2, and B-actin antibodies were from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA); normal rabbit IgG, anti-cleaved caspase 3, and SHP-2 antibodies were from Cell
Signaling Technology (Danvers, MA). Dominant negative SHP-2, mutant C295S SHP-2,
and wt-SHP-2 expression vectors, and G inhibiting peptides and random peptides were
gifts of Dr. Y. H. Feng, Uniformed Services University, Bethesda, MD [472, 473]. The Bax
channel blocker and Bax inhibiting peptide V5 and control peptide were purchased from
Tocris Bioscience (Ellisville, MO). The adenovirus Bcl-x; expression vector, the
adenovirus DN MEK, the GFP-nucleolin expression vector pEGF-C1, and Renilla-Bcl-xi.
construct were gifts of Dr. Y.J. Suzuki (Georgetown University, Washington, DC), Dr. M.
Kastan, St. Jude Children’s Research Hospital, Memphis, TN [474], and Dr. G. Tim
Bowden, University of Arizona, Tucson, AZ [141], respectively. Immortalized bovine
pulmonary epithelial cells (PEpC) were a gift of Dr. David McClenahan, University of

Northern lowa, Cedar Falls A [475].

Cell Culture- Bovine PAEC were from American Type Culture Collection (Manassas,
VA). Passage 2-8 cells were cultured in RPMI 1640 medium (Invitrogen, Carlsbad,
CA)/10% FBS (Gemini Bioproducts, Woodland, CA)/1% penicillin/streptomycin and 0.5%
fungizone (Invitrogen). Immortalized bovine PEpC were cultured in Dulbecco’s Modified
Essential Medium (Invitrogen)/10% FBS (Gemini), 1% Glutamine, 0.005% epithelial
growth factor, 0.01% insulin, 1% penicillin/streptomycin and 0.5% fungizone (Invitrogen).

Cells were grown in 5% CO; at 37°C in a humidified atmosphere culture incubator. PAEC
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were grown to 80% confluence and placed in 0.1% FBS/RPMI overnight before treatment
with agents.

Cell Lysate- To prepare whole cell lysates, confluent cells grown on 60 mm dishes were
washed once with ice-cold PBS and collected using 100 pl lysis buffer 50 mM (Hepes, pH
7.4;1% (v/v) Triton X-100; 4 mM EDTA; 1 mM sodium fluoride; 0.1 mM sodium
orthovanadate; 2 mM phenylmethylsulfonyl fluoride; 10 pg/ml leupeptin; and 10 pg/ml
aprotinin). Then, cells were incubated for 15 minutes on ice, briefly vortexed, and insoluble
materials were removed by centrifugation (14,000xg, 10 minutes at 4°C). The supernatant

was used for subsequent experiments.

Immunoprecipitation- Equal concentrations of protein from cell lysates were incubated
with the primary antibody (1:1000 dilution). GammaBind Plus beads (1:100 dilution;
Amersham Biosciences, Piscataway, NJ) were added and samples were incubated overnight
on a rotator at 4°C. The beads were then pelleted by centrifugation at 10,000xg for 10
minute at 4°C, washed twice with lysis buffer containing protease and phosphatase
inhibitors. To elute proteins, beads were resuspended in 25 pl Laemmli buffer incubated for
5 minute at 95°C. The beads were removed by centrifugation at 14,000xg for 10 minutes.
For immunoprecipitation of Bax protein, cells grown on 60 mm dishes were washed once
with ice-cold PBS and collected using 100 pl of CHAPS buffer 50 mM Tris-HCl; 1mM
EGTA; 1% (w/v) CHAPS; 10% glycerol; 50 mM sodium fluoride; 1 mM sodium
orthovanadate; 2 mM phenylmethylsulfonyl fluoride; 10 pg/ml leupeptin; and 10 pg/ml

aprotinin). Then, cells were incubated for 15 minutes on ice, briefly vortexed, and insoluble
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materials were removed by centrifugation (14,000xg, 10 minutes at 4°C). The supernatant

was used for subsequent experiments.

Phosphastase Assay- SHP-2 immunoprecipitates on GammaBind beads were washed three
times with cold lysis buffer (without Na;VO,) and three times with phosphatase buffer (50
mM Hepes, pH 7.4; 5 pg/ml aprotinin; and 1 pg/ml leupeptin). Phosphatase activity was
assayed by 50 pl of reaction buffer (phosphatase buffer, pH 5.5; 1 mg/ml BSA; 5 mM
EDTA; and 10 mM dithiothreitol). 50 pl of para-nitrophenyl phosphate (10 nM final
concentration) was added at 37°C for 30 minutes. The reaction was stopped by the addition

of 17 ul of 5 N NaOH, and the absorbance was measured at 405 nm.

Western blots- Whole cell lysates (10 pg of total protein) were subjected to SDS
polyacrylamide gel electrophoresis and electroblotted onto PVDF membrane (0.2 um
pore size). Membranes were blocked with 5% BSA in Tween 20 Tris Buffered Saline
(TTBS, Tris Buffered Saline, 0.1% Tween 20) for 1 hour at ambient temperature.
Membranes were then incubated overnight at 4°C with primary antibody (1:1000
dilution) in TTBS containing 0.5% BSA. Membranes were washed three times with
TTBS for 10 minutes, then incubated with horse-radish peroxidase- labeled secondary
antibody (1:1000 in TTBS) for 1 hour at ambient temperature. For protein detection,
membranes were washed for 3 hours with TBS, incubated in ECL (Amersham), and
analyzed on a FujiFilm Image Reader LAS-1000Pro (FujiFilm USA Inc., Valhalla,

NY).
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Mitochondria and mitochondria-free cytosolic protein extraction — Mitochondria
extraction was performed using the Mitochondria Isolation Kit for Cultured Cells

according to the manufacturer’s protocol (Pierce, Rockford, IL).

Neutral Comet Assay- The neutral comet assay was used to measure double stranded
DNA breaks as an indication of apoptosis [476]. After treatment, cells were
embedded in 1% low-melting agarose and placed on comet slides (Trevigen,
Gaithersburg, MD). Slides were placed in lysis solution (2.5 M NaCl, 1% Na-lauryl
sarcosinate, 100 mM EDTA, 10 mM Tris base, 0.01% Triton X-100) for 30 minutes,
then washed in 1xTBE buffer (0.089 M Tris; 0.089 M Boric acid; and 0.002 M
EDTA, pH 8.0). Nuclei were electrophoresed for 10 minutes at 18 V in 1xTBE. Cells
were then fixed with 75% ethanol for 10 minutes and air-dried overnight, stained with
I1xSybr® Green (Molecular Probes, Eugene, OR) or propidium iodide (Sigma-
Aldrich, St. Louis, MO) and visualized with an Olympus FV500 confocal laser
scanning microscope (Olympus Imaging America, Center Valley, PA) using 20x
magnification at 478 nm excitation, 507 nm emission wavelengths for EGFP and Sybr
Green and at 535 nm excitation, 617 nm emission wavelengths for propidium iodide.
Cells were randomly selected per treatment group and assigned into type A, B or C
comet categories, based on their tail moments. Type C comets were defined as

apoptotic cells [477].

DNA laddering assay- Cells were harvested in the medium and pelleted at 1000 x g.

Pellets were resuspended and incubated on ice in lysis buffer (1x Tris-EDTA, 0.2% Triton
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at pH 8.0) for 15 minutes. Resuspended pellet was centrifuged (14,000 x g, 10 minutes at
4°C) and supernatant containing the fragmented DNA was collected. RNase A (final
concentration at 60mg/ml) was added and incubated for 30 minutes at 37°C. SDS was
added to a final concentration of 0.5% along with 150ug/ml of proteinase K and incubated
2 hours at 50°C. 0.1 volume of 5 M NaCl and 1 volume of ice cold isopropanol was added
and samples were incubated on ice for 10 minutes. The samples were centrifuged at 13,000
x g for 15 minutes at 4°C. The DNA pellet was briefly dried and dissolved in 20ul of TE

buffer, followed by electrophoresis (~2 hours, 20V) in 1.5% agarose.

Caspase assays. Caspase 8 and caspase 9 activities were measured using the Caspase-
Glo® Assay according to the Cell-Based Assay protocol (Promega, Madison, WI).
PAEC were grown in a 96-well white-walled cell culture plate (30,000-50,000
cells/well). Following treatments, 0.2 ml of Caspase-Glo® Assay Reagent, including
the MG-132 Inhibitor, was added to each well containing 0.2 ml culture media, and
incubated for 2 hours at room temperature on a rotating shaker. Luminescent signals
were collected using a Dynex MLX Microtiter Plate Luminometer (Dynex

Technologies, Chantilly, VA).

RNA isolation and reverse transcription (RT)- Total RNA was obtained from bovine PAEC
using the RNeasy kit (Qiagen, Valencia, CA). Genomic DNA was removed using the
RNase-Free DNAse Set (Qiagen, Valencia, CA). RNA concentrations were determined

spectroscopically at 260 nm (ND-1000 Spectrophotometer, NanoDrop, Wilmington, DE).
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RNA (1.0 pg) was subjected to RT with GeneAmp® RNA PCR kit according to the

manufacturer’s protocol (Applied Biosystems, Foster City, CA).

Semi-quantitative RT-PCR- 1l of cDNA from the RT reaction was used for PCR reaction
containing 0.4 uM each forward and reverse primer, 200 uM each dNTP, 1 U of i7aqg DNA
polymerase, and 1x PCR buffer (BioRad Laboratories Inc., Hercules, CA). PCR reactions
were optimized for annealing temperatures using a temperature gradient in a BioRad
iCycler. Reactions were carried out for 25 cycles using the following conditions: 95°C 1
minute; 60°C 45 seconds; 72°C 1.5 minutes. The last cycle extension was for 10 minutes at
65°C. PCR reactions were analyzed on a 1.5% agarose gel in Tris EDTA buffer and bands
were visualized using ethidium bromide. All primer sequences are shown on the last page

of materials and methods’ section.

Quantitative real-time reverse transcription polymerase chain reaction (qPCR)- 0.2 ul of
cDNA from the RT reaction was subjected to 20 ul qPCR with the primer pairs
(Supplement Materials and Methods). qPCR was performed as recommended by the
manufacturer (Applied Biosystems) in triplicates using 6 uM of each primer and 10 ul of
SybrGreen PCR master mix (Applied Biosystems, Foster City, CA). PCR was run under
the following conditions: activation of AmpliTaq Gold® Polymerase for 10 minutes at
95°C followed by 40 cycles of 95°C for 15 seconds and 60°C for 60 seconds. Absence of
non-specific amplification was confirmed by 2 % agarose gel electrophoresis. As an

internal control mRNA level, a-tubulin was used. The comparative threshold cycle (Ct)
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method was used to assess relative changes in mRNA levels. Data were collected from 4 to

6 experiments.

Cloning of EGFP-tagged histone H2B- Total mRNA was prepared from cultured primary
human bronchial epithelial cells (Cell Applications, Inc.) and used for RT as described
above. 2 ul cDNA was subjected to 50 pul PCR using the GC-Rich System (Roche Applied
Science, Indianapolis, IN), according to the manufacturer’s instructions. PCR cycles were:
1x 94°C, 3 minutes; 5% 94°C 30 seconds, 55°C 30 seconds, 72°C 2 minutes; 22x 95°C 30
seconds, 55°C 30 seconds, 72°C 1 minute; and 1x 72°C 7 minutes. PCR product was
analyzed by 1.5 % agarose gel electrophoresis, purified from the gel, and cloned into the
Bam HI and Kpn I restriction sites of the pPEGFP-N1 vector (BD Biosciences, San Jose,

CA).

Determination of mRNA Half-life- Bovine PAEC were treated as indicated, then
incubated with 5 pg/ml actinomycin D for time courses between 30 minutes and 8
hours. Total RNA was isolated and the level of Bcl-xp, mRNA was monitored by
qPCR or by semi-quantitative RT-PCR (primers are listed above). Level of GAPDH
mRNA was determined by gel electrophoresis and used for normalization of the semi-
quantitative RT-PCR. ImagelJ software was used for densitometry

(http://www.uhnresearch.ca/facilities/wcif/index.htm).

Plasmid transfection - One day prior to transfection, cells were plated at 1.4 x 10° cells per

well in a 12-well plate. One microgram of DNA per well was transfected using the
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FuGENE 6 Transfection Reagent (Roche Applied Science), according to the
manufacturer’s instructions, in serum-free, antibiotic-free medium. The H2B-GFP reporter
was co-transfected with the DN or mutant SHP-2 plasmids (or empty vector control), at a
ratio of 1:2, total DNA concentration 1 pg. Cells were transfected for 6 hours, and then
medium was replaced with 0.01% FBS medium with antibiotics. For luciferase assays,
transfection mixtures contained a ratio of renilla-Bcl-x. reporter construct to luciferase

control vector (RSV-Luc) of 6:1 to normalize transfection efficiency.

Dual luciferase assay- Transfected cells were washed twice with cold PBS, lysed with
passive lysis buffer, and assayed for firefly and Renilla luciferase activities using the Dual
Luciferase Assay (Promega) according to the manufacturer's instructions in a Turner TD-

20/20 luminometer (Turner Designs, Sunnyvale, CA).

RNA-IP: Cells were harvested by centrifugation at 1000 % g for 3 minutes and resuspended
in 10 ml of PBS. RNA/protein complexes were cross-linked by adding of 1.0%
formaldehyde (v/v) and incubating at room temperature for 10 minutes with gentle mixing.
Cross-linking was quenched by adding glycine (pH 7.0, 0.125 mol/L final concentration),
at room temperature for 5 minutes. Cells were washed twice with 10 ml PBS containing
protease inhibitors and an RNase inhibitor and centrifuged 1000 % g for 3 minutes. Cell
pellet was resuspended in 0.2 ml NP-40 buffer (5 mM PIPES pH 8.0, 85 mM KClI, 0.5%
NP40, protease inhibitors, RNase inhibitor) and incubated on ice for 10 minutes. Nuclei
were pelleted by centrifugation at 1400 x g for 5 minutes at 4°C. To fragment the mRNA,

the supernatant was sonicated three times for 20 seconds each at output level 6 of a sonic



71

dismembrator, Model 100 (Fisher Scientific). Samples were cleared by centrifugation for
10 minutes, 13000 x g at 4°C, and the supernatant was collected and diluted 10-fold into IP
buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris pH 8.1, 167 mM
NaCl, protease inhibitors, RNase inhibitor) to a final volume of 1 ml. A 1% aliquot was
preserved as an input sample. Nucleolin antibody (1:1000 dilution) was added and samples
were rotated overnight at 4°C. To collect immune complexes, 50 puL. of Sepharose Beads
were added and mixed for 2 hours followed by centrifugation at 60 x g for 2 minutes at
4°C. Immune complexes were washed for 5 minutes each with low salt buffer (0.1% SDS,
1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8.1, 150 mM NaCl), high salt buffer
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8.1, 500 mM NaCl),
LiCl buffer (0.25M LiCl, 1% NP40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCI pH
8.1), and twice with TE buffer. Each wash was followed by 60 x g centrifugation for 1
minute at 4°C. Complexes were eluted in 500 pL of elution buffer (1% SDS, 0.1 M
NaHCO3, RNase inhibitor). NaCl was added to a final concentration of 200 mM then
placed at 65°C for 2 hours to reverse crosslink. Next, 20 ul of 1 M Tris-Cl pH 6.5, 10 ul of
0.5 M EDTA, and 20 ug of Proteinase K was added to each sample and incubated at 42°C
for 45 minutes. RNA was extracted using phenol:chloroform and 1 pl glycogen as a DNA-
carrier. DNA was removed by DNase (Qiagen). RT-PCR was performed using 1 pl of the
cDNA reaction for 25 cycles: denaturing was performed at 95°C for 1 minute, annealing

for 45 seconds at 60°C, and polymerase reaction for 1.5 minutes at 72°C.

Ex-vivo Lung Explants- Mouse or rat lungs were used for the ex-vivo experiments. Mice

and rats were euthanized with sodium pentobarbital or Fatal-plus. The surface of the
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anterior chest wall and upper abdomen were sterilized with 70% ethanol. After the trachea
was exposed, small nick was made to insert a 22 gauge needle with a short piece of
polyethelene tube attached. Two lines were tied around the trachea to stabilize and to
prevent the tube from slipping out. Through a midline abdominal incision the chest cavity
was exposed and the animal was exsanguinated by dissecting the abdominal aorta. The
right ventricle was punctured and the lungs were perfused with sterile PBS to remove the
blood. Using aseptic technique, the trachea, lungs, and the heart was dissected from the
animal.

To obtain lung slices for the ex-vivo culture, the lungs were inflated with 1% low
melting point agarose dissolved in RPMI medium. The agarose was instilled as a liquid
into the trachea using a syringe and fully inflated the lungs. The lungs were placed in a
sterile cell culture plates and at 4°C for at least 30 minutes to solidify the agarose. The
heart was then excised from the lung and each lobe of the lungs was embedded on a cutting
board with 1% agarose to prevent any movement. The agarose-filled and embedded lungs
were then chopped on a MclLwain tissue chopper (GeneQ Inc. Quebec, Canada) into 500
microns thick slices. The lung explants slices were incubated in a cell culture media
containing 10% FBS, 1% penicillin/streptomycin and 0.5% fungizone for an hour in 37°C
in a humidified chamber with 5% CO,. Each lung slices were then transferred to 24 well
cell culture plate with a specific treatment group for 16 to 24 hours in 37°C humidified
chamber with 5% CO..

To obtain the morphology and immunohistochemistry of lung explants, the agarose
inflated lungs were fixed by immersion in 10% buffered neutral formalin for 24 hours. The

fixed lungs were paraffin embedded and stored till ready to use. Using SL-3000 Edge
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Cryostat (HACKER Instruments & Industries Inc, Winnsboro, SC), lung slices of 10 to 20
micron sections were made. The slices were then processed using standard hisological
techniques. Primary antibodies of cleaved caspase 3 (Cell Signaling Technology, Beverly
MA) was used in final dilution of 1:200. Negative controls were done by omitting the

respective primary antibodies.

Statistical Analysis- Means + standard deviations (SD) were calculated, and
statistically significant differences between two groups were determined by the
Student's ¢ test. For three or more groups, statistical analysis was performed using one-
way ANOVA, followed by the Bonferroni post-analysis, as appropriate; p <0.05 was
considered statistically significant. For mRNA half-life, linear regression was
calculated and confidence intervals determined. Statistical software for all analysis

was SigmaStat 3.1 (Point Richmond, CA)



PCR primers sequences:

o-tubulin:

Bcl-2 ARE

BCI'XL

Bcel-x; ARE-1:

Bcel-x; ARE-2:

Bcel-x;, ARE-3:

GAPDH:

Histone H2B:

SHP-1:

SHP2:
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Forward 5°-CTC CAT CCT CAC CAC CCA CAC

Reverse 5°-CAG GGT CAC ATT TCA CCA TCT

Forward 5°- TGC TTT TGA GGA GGG CTG CAC

Reverse 5’- ACT GCC TGC CAC AGA CCA GC

Forward 5-GGT ATT GGT GAG TCG GAT CG

Reverse 5'-GCT GCA TTG TTC CCG TAG AG

Forward 5°’-CCA CGA CAA TTG AGG AAG GT

Reverse 5’-ACC TTC CTC AAT TGT CGT GG

Forward 5°-ACC TTC CTC AAT TGT CGT GG

Reverse 5°-GGG GAA AAG GGT CAG AAAC

Forward 5°’-CGG GCT CTC TGC TGT ACA TAT T

Reverse 5’-AGC ATC AGG CTG TTC GAT CT

Forward 5’- GAA GCT CGT CAT CAA TGG AAA

Reverse 5’- CCA CTT GAT GTT GGC AGG AT

Forward 5’-CGC GGA TCC TTA GCG CTGCTCTACT

TG GTG AC

Reverse 5’-CCC GGA GGT ACC GCC ACC ATG CCA

GAG CCA GCG AAG TCT CGT

Forward 5’-CCC AGC CGC AAG AAC CAG GG

Reverse 5’-CGC TGA GCA CGG ACA GCA CA

Forward 5°’-CAC GGT GTG CCC AGT GAC CC

Reverse 5’-GCT GCT GCA TCA GGA CCA CA
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Summary:

Angiotensin II (Ang II) is a key pro-apoptotic factor in fibrotic tissue diseases.
However, the mechanism of Ang II-induced cell death in endothelial cells has not been
previously elucidated. Using the neutral comet assay and specific receptor antagonists and
agonists, we found that Ang II-mediated apoptosis in primary pulmonary endothelial cells
required the AT2 receptor. Ang II caused cytochrome c release from the mitochondria
concurrent with caspase 3 activation and DNA fragmentation, and apoptosis was suppressed
by an inhibitor of Bax protein channel formation, implicating mitochondrial-mediated
apoptosis. There was no evidence that the extrinsic apoptotic pathway was involved since
caspase 9, but not caspase 8, was activated by Ang II treatment. Apoptosis required
phosphoprotein phosphatase activation, and inhibition of the SHP-2 phosphatase blocked cell
death. Reduced levels of anti-apoptotic Bcl-2 family members can initiate intrinsic apoptosis,
and we found that Ang II treatment lowered cytosolic Bcl-x; protein levels. Because the
protein nucleolin has been demonstrated to bind Bcl-xp mRNA and prevent its degradation,
we investigated the role of nucleolin in Ang II-induced loss of Bcl-xp.. RNA
immunoprecipitation experiments revealed that Ang II reduced nucleolin binding to Bel-x¢.
mRNA in an AU-rich region implicated in the mRNA instability. Inhibition of SHP-2
prevented Ang II-induced degradation of Bcl-x; mRNA. Taken together, our findings suggest
that nucleolin is a primary target of Ang II signaling, and that Ang II-activated SHP-2 inhibits
nucleolin binding to the Bel-xp mRNA, thus affecting the equilibrium between pro- and anti-

apoptotic members of the Bel-2 family.
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Introduction:

The vasoactive peptide angiotensin II (Ang II) was originally studied for its role in
blood pressure homeostasis, but abnormal expression of Ang II has been implicated in the
development and progression of fibrotic organ diseases (Wynn, 2008). Blockade of Ang II
signaling, either using inhibitors of angtiotensin converting enzyme to prevent Ang II
maturation or using antagonists of Ang II cellular receptors, can abrogate the development of
fibrosis in animal models in the lung, liver, kidney and the heart (Bataller et al., 2005;
Dendorfer et al., 2005; Konigshoff et al., 2007; Sun, 2009; Wolf, 2008). In a number of
fibrotic diseases, local synthesis of Ang II has been observed,and fibroblasts from the
diseased tissues of human patients were found to generate Ang II (Bader, 2002; Sun et al.,
2000; Wang et al., 1999). Two primary events are associated with the development and
progression of fibrosis: 1) the transdifferentiation of fibroblasts into the activated fibroblast
(myofibroblast) phenotype, that secretes abnormal extracellular matrix proteins such as
collagens I and III (Wynn, 2008); and 2) the apoptosis of the normal epithelial and endothelial
cells of the tissues (Marshall, 2003; Wang et al., 2000). Although much research has focused
on epithelial cell apoptosis in fibrotic remodeling, several studies provided evidence for
endothelial cell apoptosis in pulmonary fibrosis. Endothelial cell apoptosis has been identified
in animal models of lung fibrosis (Zhang et al., 2007), and in samples from patients with
idiopathic pulmonary fibrosis (Yoshida et al., 2002). Importantly, the use of VEGF to inhibit
TGF-B1-induced endothelial apoptosis mitigated fibrotic remodeling in a rat model of
pulmonary fibrosis (Farkas et al., 2009).

Ang II has been demonstrated to play a dual role in the development of fibrosis,
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paradoxically inducing both the proliferation of scar tissue-producing myofibroblasts as well
as the apoptosis of the primary epithelial and endothelial cells (Bataller et al., 2005; Uhal,
2002; Wolf, 2008). The contradictory actions of Ang II on the induction of growth versus
apoptosis have been shown to be receptor subtype- and cell type-dependent. Ang II exerts its
biological effects via the activation of two receptors known as angiotensin type 1 (AT1) and
type 2 (AT2) receptors, both members of the seven transmembrane domain receptor family
(Mogi et al., 2007). Ang II-induced apoptosis in primary and transformed epithelial cells and
coronary artery endothelial cells was shown to be mediated by the AT1 receptor (Li et al.,
1999; Papp et al., 2002). In contrast, AT2 receptor activation was shown to induce apoptosis
in fibroblasts, smooth muscle cells, HUVECs, and PC12W cells, while AT1 activation
resulted in proliferative and anti-apoptotic cellular responses in these cells (Cui et al., 2001;
Dimmeler et al., 1997; Horiuchi et al., 1998; Yamada et al., 1996). Although many cells
respond to AT2 receptor activation with decreased cell growth, AT2 receptor was shown to
mediate proliferation in cardiomyocytes (D'Amore et al., 2005).

Ang II-induced signaling has also been demonstrated to be cell-type dependent, and
the signaling specificity is believed to determine the biological response. Four major signal
transduction pathways are activated by the AT receptors: (1) protein phosphatase activation;
(2) the NO/cGMP activation; (3) phospholipase A2 activation, with subsequent release of
arachidonic acid; and (4) protein kinase C (PKC) activation..Three specific phosphatases may
be activated downstream of AT2: mitogen-activated protein kinase phosphatases (MKPs), that
dephosphorylates threonine residues (Horiuchi et al., 1997); SH2 domain-containing
phosphatases (SHP-1/2), a small family of tyrosine phosphatases (Nouet and Nahmias, 2000);

and protein phosphatase 2A (PP2A), an okadaic acid-sensitive serine/threonine phosphatase
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(Brechler et al., 1994). In A549 or primary alveolar epithelial cells, AT1-mediated apoptosis
was inhibited by a protein kinase C (PKC) inhibitor, but not by tyrosine phosphatase
inhibitors (Papp et al., 2002). In contrast, in PC12W cells and HUVEC cells, AT2-mediated
apoptosis required MKPs, and subsequent Bcl-2 inactivation by dephosphorylation (Horiuchi
et al., 1997; Rossig et al., 2002).

The mechanism of Ang II-induced apoptosis has not been previously determined in
pulmonary endothelial cells. Here, we examined the mechanism of apoptosis by Ang Il in
primary cultures of bovine pulmonary artery endothelial cells. Ang II-induced apoptosis was
found to be activated by the intrinsic (mitochondrial-dependent) apoptotic pathway.
Moreover, we found that Ang II caused the destabilization and decay of Bcl-xp mRNA by
disassociation of the mRNA from the stabilizing protein nucleolin in a signaling pathway that

required SHP-2.

Results:

Ang Il-induced apoptosis requires the AT2 receptor. The local synthesis of Ang II has
been demonstrated in lung fibrotic plaques, where it is produced by activated myofibroblasts
and likely impacts the survival of other neighboring cells (Uhal, 2002; Wang et al., 1999). We
investigated the effect of Ang II on bovine pulmonary artery endothelial cells (PAEC) using
the neutral comet assay, which detects chromosomal breakdown as a function of apoptosis.
Ang 11 (100 nM and 1 uM) induced 40-50% apoptosis within 24 hours, whereas 10 uM
induced 60-70% apoptosis (Fig 1A). Higher concentrations of Ang II (100 pM) did not induce
higher levels of apoptosis at 24 hours (Fig 1A). These findings were confirmed by monitoring

DNA laddering induced by 100 nM and 10 uM Ang II at 24 hours (Fig 1B). A time course of
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Ang II activity showed that significant apoptosis was detectable within 12 hours of treatment
with 10 uM Ang II (Fig 1C).

Ang Il receptors 1 and 2 (AT1 and AT2, respectively) are G-protein coupled receptors,
and are the primary transducers of Ang II signaling. Pretreatment of PAEC with the AT2
antagonist PD123319 prior to exposure to 10 uM Ang II inhibited apoptosis as determined by
neutral comet assay (Fig 2A). In contrast, no inhibition of Ang II-induced apoptosis was
observed when cells were pretreated with telmisartan, an AT1 receptor antagonist (Fig 2B).
The AT2 agonist CGP-42112A also induced apoptosis as determined by the neutral comet
assay and DNA laddering assay (Fig 2C, D). The apoptotic effects of Ang I and CGP-
42112A were reversed by the AT2 antagonist PD123319 (Fig 2E). Activation of caspase 3, a
common effector caspase for both the intrinsic and extrinsic apoptotic pathways, was
examined next. Results show that concentrations of Ang II as low as 0.1 uM induce the
activation of caspase 3, which was blocked using the AT2 antagonist PD123319 (Fig 2F).

These results indicate that Ang II-induced apoptosis is mediated by the AT2 receptor.

Ang Il induces apoptosis via the intrinsic apoptotic pathway. The two canonical
pathways of apoptosis in eukaryotic cells are the intrinsic (mitochondria-dependent) pathway
and the extrinsic (death receptor mediated) pathway. Mitochondrial outer membrane
permeabilization (MOMP) is a key event of the intrinsic apoptotic pathway. Western blots of
mitochondria-free cell lysates showed the release of cytochrome ¢, as an indicator of MOMP,
within 16 hours of Ang Il or CGP42112A treatment (Fig 3A). Also at this time point, Ang II
or CGP42112A activated caspase 3, the common effector caspase for both the intrinsic and

extrinsic apoptotic pathways (Fig 3A). Mitochondrial-free cytosolic fractions contained
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increased levels of activated caspase 3 and increased cytochrome c¢; however in the
mitochondria, cytochrome ¢ was only present in the untreated group, and both CGP 42112A
and Ang II treatment cause cytochrome c release. The mobilization of the pro-apoptotic
protein Bax to the mitochondria was monitored. With the Ang II treatment, the level of Bax
protein increased in the mitochondria while the mitochondria-free cytosolic fraction showed
significant decrease of the Bax protein levels (Fig S1). We therefore investigated the
requirement of Bax activation for Ang II-induced apoptosis. Cell death was completely
inhibited by either a Bax channel blocker (BCB) or a Bax inhibiting peptide (V-5), while a
control peptide had no effect (Fig 3B).

We found that cell permeable inhibitor of caspase 3 (Z-DEVD-FMK) also completely
blocked Ang II-induced apoptosis (Fig 3C). Caspase 3 is common to both the intrinsic and
extrinsic pathways, so to further differentiate between the two apoptotic pathways, we
examined the activation of caspase 9, the initiator caspase for the intrinsic pathway, and the
activation of caspase 8, the initiator caspase for the extrinsic pathway. Caspase 9 was
activated by both Ang II and the AT2 agonist CGP-42112A when compared to the control
(Fig 3D), while caspase 8 was not activated by either treatment (Fig 3E).

Changes in MOMP can occur if the protein levels of anti-apoptotic members of the
Bcl-2 family are reduced, especially Bcl-2 or Bel-xp, allowing mitochondrial pore formation
by pro-apoptotic Bel-2 family members, and a decrease in the ratio of Bcl-x;:Bax (anti- to
pro-apoptotic protein) is sufficient to induce apoptosis (Zhang et al., 2000). Treatment with
Ang Il and the AT2 agonist CGP-42112A significantly decreased Bcl-xi. protein levels (Fig
4A, upper panel). We did not detect any changes in Bcl-2 protein levels with Ang 11

treatment (Fig 4A, lower panel). To determine whether reduction of Bcl-x; was critical for
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Ang II-induced apoptosis, we ectopically expressed Bcl-xi, protein (Suzuki et al., 2007). Cells
infected with an adenoviral vector encoding Bcl-x; were protected from Ang II-induced
apoptosis (Fig 4B) and prevented the activation of caspase 3 (Fig 4C). Infection with a GFP-
expressing adenovirus had not effect on Ang II apoptosis or caspase 3 activation. Activated
Bax permeabilizes the outer mitochondrial membrane, thereby committing cells to apoptosis.
Bcl-xy. inhibits this process by binding directly to the activated Bax. Co-immunoprecipitation
assays were performed to detect the amount of Bel-xp bound to Bax. The results demonstrated
that Ang II treatment reduces the interaction of Bcl-x; with Bax (Fig 4D). The input (whole
cell lysates) was western blotted for Bcl-x; with Bax as a control (Fig S2A). This control
shows that the Bel-xi was reduced in the lysate in response to Ang II, but Bax levels were
unchanged. The unbound fractions after immunoprecipitation of Bax were also western
blotted for Bel-x;. and Bax to show remaining unbound protein levels (Fig S2B). These data
are consistent with Ang II-induced apoptosis through a mechanism which involves the down-

regulation of Bel-x;.

SHP-2 activation is required for Ang Il-induced apoptosis. The signaling pathways
activated by Ang II through its receptors have been demonstrated to be cell type specific.
Pharmacological inhibitors were used to identify signaling pathways originating from the AT2
receptor leading to apoptosis in PAEC. Ang II-induced apoptosis was blocked by the
nonspecific inhibitor of tyrosine phosphatases, sodium orthovanadate (Fig 5A), while
inhibitors of PKC (Chelerythrine chloride and Calphostin C) had no effect (Fig 5A,B). An
inhibitor of the SH2 domain-containing protein tyrosine phosphatases (SHP) -1 and -2 (NSC-

87877) blocked Ang II-induced apoptosis (Fig 5C).
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Specific inhibitors are not available to differentiate between SHP-1 and SHP-2
isoforms (Yip et al., 2000). Previous studies showed that SHP-1 is primarily expressed in
hematopoietic and epithelial cells (Chong and Maiese, 2007; Sankarshanan et al., 2007;
Valencia et al., 1997; Yang et al., 1998; Yi et al., 1992). In contrast, SHP-2 is ubiquitously
expressed (Bennett et al., 1996). To verify the SHP isoform expression profile in PAEC, RT-
PCR was performed using primers specific for SHP-1 or SHP-2. Bovine pulmonary epithelial
cells (PEpC) express both SHP-1 and SHP-2, but we found that bovine PAEC only express
SHP-2 (Fig S3). The activation of SHP-2 in PAEC was confirmed by immunoprecipitation of
SHP-2 followed by phosphatase assays. SHP-2 was activated within 1 minute of Ang II
treatment (Fig 6A). Vogel et al. (Vogel et al., 1993) and Pazdrak et al. (Pazdrak et al., 1997)
previously demonstrated that SHP-2 is tyrosine phosphorylated upon activation.
Immunoprecipitation with anti-phosphotyrosine antibodies followed by western blotting for
SHP-2 showed that SHP-2 was tyrosine phosphorylated in PAEC within 1 minute following
Ang II treatment (Fig 6B).

To determine the requirement of SHP-2 for Ang II-induced apoptosis, we ectopically
expressed either dominant negative (DN) SHP-2 or the SHP-2 mutant C459S (C459S-SHP-2),
in which the phosphatase is inactive (Berchtold et al., 1998; Noguchi et al., 1994). PAEC
were transiently transfected with wild type, DN or C459S-SHP-2 constructs, or empty vector
control. Co-transfection of EGFP-tagged histone (H2BC-EGFP) was used for identification of
transfected cells. Cells were treated with Ang II for 16 hours and apoptotic cells were
identified using the neutral comet assay. Green fluorescent cells (cells positive for H2BC-
EGFP expression) were scored for red comet tails stained with propidium iodide. Co-

transfection of an empty vector confirmed that expression of histone H2BC-EGFP had no
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effect on Ang II-induced apoptosis (Fig 6C). DN and C459S-SHP-2 expression significantly
reduced apoptosis induced by Ang II (Fig 6C). Because SHP-2 is likely activated by
association with AT2, over-expression of DN or mutant SHP-2 likely competes with
endogenous wild type SHP-2 for binding with the receptor, thus preventing activation of the
endogenous SHP-2. We also observed a significant increase in the level of basal apoptosis in
cells over-expressing wild-type SHP-2 (Fig 6C), consistent with a pro-apoptotic role of SHP-2
in PAEC.

To determine the link between SHP-2 and Bcl-x, protein reduction, PAEC were
pretreated with a SHP phosphatase inhibitor (NSC-87877) prior to treatment with Ang II or
the AT2 agonist CGP-42112A for 16 hours. Inhibition of SHP-2 preserved Bcl-x;, protein at

basal levels (Fig 6D).

Ang Il-induced apoptosis requires the G, protein as an adaptor. In transformed
epithelial cells, SHP-1 is activated by the AT2 receptor in a mechanism that requires the
physical association of G protein (Feng et al., 2002). The activation of the G protein is not
required for SHP-1 activation, suggesting that G5 functioned as an adaptor molecule in this
process. We investigated the requirement of G5 for SHP-2 activation by AT2. A peptide
corresponding to the last 11 amino acids of G4 was shown by Feng et al. (2002) to inhibit the
interaction between G4s and AT2. The G5 inhibiting peptide blocked activation of SHP-2 (Fig
7A) and reduced Ang II-induced apoptosis (Fig 7B). Feng ef al. also showed that SHP-1
activation by cholera toxin A dissociated AT2-Ggs coupling by constitutively activating the
Ggs protein. Activation of Gy via cholera toxin A in PAEC also prevented both activation and

tyrosine phosphorylation of SHP-2 protein by Ang II (Fig S4A,B). Cholera toxin A also
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reduced Ang II-induced apoptosis by 70% (Fig. S4C, left panel). Gys-signaling activates the
cAMP-dependent protein kinase (PKA). To determine whether activation of PKA affected
Ang II-induced apoptosis, PAEC were treated with forskolin, to directly up-regulate cAMP
and activate PKA, or with H89, to inhibit PKA. Forskolin treatment had no effect on Ang II-
induced apoptosis (Fig S4C, middle panel), suggesting that the activation of adenylate
cyclase, up-regulation of cAMP, and PKA activation were not the mechanism(s) by which
cholera toxin A inhibited Ang II-induced apoptosis. H89 inhibition of PKA also failed to
block Ang II-induced apoptosis (Fig S4C, right panel), suggesting that PKA is not required
for apoptosis. Together, these findings suggest that G, acts as an adaptor for AT2-mediated
activation of SHP-2 in endothelial cells, in a mechanism parallel to the activation of SHP-1 by

AT2 in epithelial cells.

Ang Il reduces the mRNA half-life of Bcl-x; and reduces the binding of nucleolin to the Bcl-x;
mRNA 3°UTR. Our data indicated that Ang Il reduced cytoplasmic Bcl-x, protein levels within 16
hours of Ang Il treatment. We investigated the effect of Ang Il on Bcl-x,. mRNA, and found that
MRNA levels were reduced within 4 hours of treatment (Fig 8A). Bcl-x, mRNA levels are
controlled by promoter regulation, by alternative splicing, and by the mRNA half-life (Boise et
al., 1993; Kren et al., 1996; Li et al., 2004; Suzuki et al., 2007). Examination of the effect of Ang Il
on Bcl-x, promoter activation showed no differences from basal levels, and alternatively spliced
Bcl-x, was not detected in our cells (data not shown). We therefore investigated effects of Ang
Il on the half-life of Bcl-x, mMRNA. Ang Il caused a reduction in the half-life of Bcl-x, mRNA, from

~7 hours in control cells to ~3 hours (Fig 8B).
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Bcel-xp mRNA stability is regulated by the 3°UTR, which contains AU-rich elements
(AREs) that target the mRNA for degradation (Bachelor and Bowden, 2004). Nucleolin, a
ubiquitously expressed 110 kDa multifunctional protein, has been shown to bind to the Bcl-xg.
3’UTR and stabilize the mRNA in the cytoplasm (Srivastava and Pollard, 1999; Zhang et al.,
2008). We hypothesized that the Ang II-induced decrease in the Bcl-x; mRNA half-life could
be associated with decreased binding of nucleolin to the 3’UTR. RNA-IP experiments were
performed to identify the nucleolin binding site and to determine the effect of Ang II signaling
on nucleolin binding. We isolated Bel-xp mRNA fragments bound to nucleolin and used
specific PCR primers to individually amplify the three AREs in the Bel-xi, 3’UTR. The first
ARE is located 164 nucleotides downstream of the stop codon, while the second and the third
AU rich regions start at 317 and 1268 nucleotides downstream of the stop codon, respectively.
We detected the highest binding affinity to the second ARE (Fig 9A). GAPDH, used as a
negative control, is present in the input RNA sample but is not present after
immunoprecipitation with nucleolin (Fig 9A). Ang II treatment of the PAEC significantly
decreased nucleolin binding to the second ARE (Fig 9B). This data suggested that Ang II
regulation of the Bcl-xp mRNA half-live involves nucleolin binding to the second ARE of the
3’UTR.

Finally, we investigated the effect of Ang II on the stability of a reporter gene
containing the Bel-xp mRNA 3’UTR. PAEC were transfected with a renilla-Bel-x; 3’UTR
reporter construct (Bachelor and Bowden, 2004) and cells were either untreated or treated
with Ang II. Renilla expression decreased significantly with the Ang II treatment (Fig 9C).
We also found that inhibition of SHP-2 by NSC-87877 prior to Ang II treatment restored

renilla expression to basal levels (Fig 9C). These results suggest that Ang II destabilized Bcl-
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xp mRNA by reducing nucleolin binding to the second ARE in the 3’UTR, via a signaling

pathway that requires SHP-2.

Discussion:

The major finding of this study is that Ang II induces mitochondria-dependent
apoptosis of primary pulmonary artery endothelial cells through the AT2 receptor in a signal
transduction pathway leading to the down-regulation of Bel-xp. protein through the
destabilization of the Bcl-xp mRNA. The balance between levels of pro- and anti- apoptotic
proteins of the Bcl-2 family can determine mitochondrial membrane permeability (Zhang et
al., 2000). Consistent with this we found that Ang II treatment reduced Bcl-x;-Bax binding
and caused translocation of Bax to the mitochondria. We also determined that the decreased
half-life of the Bel-x;, mRNA is associated with decreased nucleolin binding to the second
ARE of the 3’UTR in a signaling pathway that requires SHP-2 phosphatase activation.

Ang II-induced apoptosis in PAEC required AT2, but not AT1 activation. Published
findings provide conflicting evidence for the roles of AT1 and AT2 in cell proliferation and
apoptosis. The contradictory effect of Ang II on cellular proliferation versus apoptosis has
been hypothesized to be determined by cell type-specific expression of the receptors as well
as differences in downstream signaling. The activation of SHP-1/2 protein phosphatases is
considered one of the most critical downstream effects of Ang I, and is believed to mediate
negative cross-talk between AT2 with AT1 and possibly with other growth factor receptors
(Alvarez et al., 2008; Bedecs et al., 1997; Cui et al., 2001; Li et al., 2007; Marrero et al.,
1998; Matsubara et al., 2001; Wu et al., 2004). In some cells, it has been demonstrated that

Ang II treatment activates opposing signals through simultaneous AT1 and AT2 activation.
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As an example of this, AT1 activation of ERK MAPK and Pyk kinase for cell survival is
attenuated by AT2 activation of SHP-1 phosphatase in vascular smooth muscle cells (Cui et
al., 2001; Matsubara et al., 2001). Our data indicate that SHP-2 is required for the Ang II-
induced decrease of Bel-x. protein, and loss of anti-apoptotic Bcl-2 family members may also
be the mechanism for Ang II-mediated inhibition of proliferative signaling from other
receptors. Our data demonstrate that AT2 activation of SHP-2 also requires the presence of
the inactive Ggs protein. In this complex containing AT2 and the G protein, SHP-2 is rapidly
phosphorylated with a time course (within 1 minute) that matches the enhancement of its
phosphatase activity by Ang II. This suggests that the complex of the AT2 receptor, SHP-2,
and Ggs may also contain a protein kinase. The identity of this kinase is currently under
investigation in our laboratory.

We demonstrate that down-regulation of Bel-xi. by Ang II is associated with
decreased binding of nucleolin to the 3’UTR of Bcl-xp, mRNA. Nucleolin is a ubiquitously
expressed, multifunctional RNA- and DNA-binding protein (Srivastava and Pollard, 1999).
In the cytoplasm, nucleolin plays a role in cell survival through Bcl-2 and Bel-x; mRNA
stabilization (Otake et al., 2007; Sengupta et al., 2004). Nucleolin binding to the 3> UTR of
some mRNAs prevents AU-targeting of the mRNA for degradation (Zhang et al., 2008).
However, upon dephosphorylation, nucleolin is translocated from the cytoplasm to the
nucleus, where it is no longer available for mRNA stabilization (Schwab and Dreyer, 1997).
Down-regulation of nucleolin, by siRNA or by agents that cause its degradation, is sufficient
to induce growth arrest and apoptosis (Kito et al., 2003; Ugrinova et al., 2007). Our data
indicate that SHP-2 phosphatase activity is necessary for Ang II-induced degradation of Bcl-

xr, and we hypothesize that the SHP-2 may directly affect the phosphorylation state of
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nucleolin to either cause its translocation to the nucleus or to affect its stability. The
phosphorylation site on nucleolin that is affected by SHP-2 has yet to be identified. Ang II-
induced alterations in nucleolin protein levels, phosphorylation, and subcellular localization
are currently under investigation in our laboratory.

Fibrotic remodeling involves both the transdifferentiation of normal fibroblasts to
myofibroblasts and the induction of apoptosis in epithelial and endothelial cells (Friedman,
2004; Strieter, 2008; Tomasek et al., 2002; Wynn, 2008). Here we have identified a novel
mechanism for Ang II-induced apoptosis in endothelial cells that involves SHP-2-induced
destabilization of Bel-xp mRNA through reduction of nucleolin binding. The identification of
specific pathways and mechanisms for apoptosis in fibrotic remodeling may provide novel

targets for the mitigation of fibrotic diseases.
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Materials and Methods:

Reagents- Angiotensin Il was purchased from Bachem, Inc. (Torrance, CA). Cytochrome c, Bel-2,
and B-actin antibodies were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); normal rabbit
IgG, anti-cleaved caspase 3, and SHP-2 antibodies were from Cell Signaling Technology
(Danvers, MA). Dominant negative SHP-2, mutant C295S SHP-2, and wt-SHP-2 expression
vectors, and Ggs inhibiting peptides and random peptides were gifts of Dr. Y. H. Feng, Uniformed
Services University, Bethesda, MD (Berchtold et al., 1998; Noguchi et al., 1994). The Bax channel
blocker and Bax inhibiting peptide V5 and control peptide were purchased from Tocris Bioscience
(Ellisville, MO). The adenovirus Bel-x;, expression vector, the GFP-nucleolin expression vector
pEGF-C1, and Renilla-Bcl-x;. construct were gifts of Dr. Y.J. Suzuki (Georgetown University,
Washington, DC), Dr. M. Kastan, St. Jude Children’s Research Hospital, Memphis, TN (Takagi et
al., 2005), and Dr. G. Tim Bowden, University of Arizona, Tucson, AZ (Zhang et al., 2008),
respectively. Immortalized bovine pulmonary epithelial cells (PEpC) were a gift of Dr. David

McClenahan, University of Northern lowa, Cedar Falls IA (McClenahan et al., 2008).

Cell Culture- Bovine PAEC were from American Type Culture Collection (Manassas, VA).
Passage 2-8 cells were cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA)/10% FBS
(Gemini Bioproducts, Woodland, CA)/1% penicillin/streptomycin and 0.5% fungizone
(Invitrogen). Immortalized bovine PEpC were cultured in Dulbecco’s Modified Essential Medium
(Invitrogen)/10% FBS (Gemini), 1% Glutamine, 0.005% epithelial growth factor, 0.01% insulin,
1% penicillin/streptomycin and 0.5% fungizone (Invitrogen). Cells were grown in 5% CO; at 37°C

in a humidified atmosphere culture incubator. PAEC were grown to 80% confluence and placed in
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0.1% FBS/RPMI/1% penicillin/streptomycin and 0.5% fungizone overnight before treatment with

agents.

Cell Lysate- Cells were washed with ice-cold PBS and lysed in 50 mM Hepes, pH 7.4; 1% (v/v)
Triton X-100; 4 mM EDTA; 1 mM sodium fluoride; 0.1 mM sodium orthovanadate; 1 mM
tetrasodium pyrophosphate; 2 mM phenylmethylsulfonyl fluoride; 10 pg/ml leupeptin; and

10 pg/ml aprotinin. Lysates were incubated 15 minutes on ice, vortexed, insoluble materials were
removed by centrifugation (14,000 x g, 10 minutes, 4°C). For immunoprecipitation of Bax
protein, cells were washed with cold PBS and lysed in CHAPS buffer (50 mM Tris-HCl; 1mM
EGTA; 1% (w/v) CHAPS; 10% glycerol; 50 mM sodium fluoride; 1 mM sodium orthovanadate;
2 mM phenylmethylsulfonyl fluoride; 10 pg/ml leupeptin; and 10 pg/ml aprotinin). Equal
concentrations of protein from cell lysates were incubated with primary antibody (1:1000 dilution).
GammaBind Plus beads (1:100 dilution; Amersham Biosciences, Piscataway, NJ) were added and
samples were rotated at 4°C overnight. The beads were centrifuged at 10,000 xg for 10 minutes at
4°C, washed twice with lysis buffer. To elute, beads were resuspended in 25 pl Laemmli buffer

incubated for 5 minutes at 95°C.

Phosphastase Assay- SHP-2 immunoprecipitates on GammaBind beads were washed three times
with cold lysis buffer (without Na;VOy) and three times with phosphatase buffer (50 mM Hepes,
pH 7.4; 5 ng/ml aprotinin; and 1 pg/ml leupeptin). Phosphatase activity was assayed by 50 pl of
reaction buffer (phosphatase buffer, pH 5.5; 1 mg/ml BSA; 5 mM EDTA; and 10 mM
dithiothreitol). 50 pul of para-nitrophenyl phosphate (10 nM final concentration) was added at 37°C

for 30 minutes. The reaction was stopped by the addition of 17 ul of 5 N NaOH, and the
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absorbance was measured at 405 nm.

Western blots- Whole cell lysates (10 pg of total protein) were subjected to SDS
polyacrylamide gel electrophoresis and electroblotted onto PVDF membrane (0.2 um pore
size). Membranes were blocked with 5% BSA in Tween-20/Tris Buffered Saline (TTBS, Tris
Buffered Saline, 0.1% Tween-20) for 1 hour at ambient temperature. Membranes were then
incubated overnight at 4°C with primary antibody (1:1000 dilution) in TTBS containing 0.5%
BSA. Membranes were washed three times with TTBS for 10 minutes, then incubated with
horse-radish peroxidase- labeled secondary antibody (1:1000 in TTBS) for 1 hour at ambient
temperature. For protein detection, membranes were washed for 3 hours with TBS, incubated
in ECL (Amersham), and analyzed on a FujiFilm Image Reader LAS-1000Pro (FujiFilm USA

Inc., Valhalla, NY).

Mitochondria and mitochondria-free cytosolic protein extraction — Mitochondria
extraction was performed using the Mitochondria Isolation Kit for Cultured Cells according to

the manufacturer’s protocol (Pierce, Rockford, IL).

Neutral Comet Assay- The neutral comet assay was used to measure double stranded
DNA breaks as an indication of apoptosis (Kitta et al., 2001). After treatment, cells were
embedded in 1% low-melting agarose (Sigma, St. Louis, MO) and placed on comet slides
(Trevigen, Gaithersburg, MD). Slides were placed in lysis solution (2.5 M NaCl, 1% Na-
lauryl sarcosinate, 100 mM EDTA, 10 mM Tris base, 0.01% Triton X-100) for 30 minutes,

then washed in 1xTBE buffer (0.089 M Tris; 0.089 M Boric acid; and 0.003 M EDTA, pH
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8.0). Nuclei were electrophoresed for 10 minutes at 18 V in 1xTBE. Cells were then fixed
with 75% ethanol for 10 minutes and air-dried overnight, stained with 1xSybr® Green
(Molecular Probes, Eugene, OR) or propidium iodide (Sigma-Aldrich, St. Louis, MO) and
visualized with an Olympus FV500 confocal laser scanning microscope (Olympus Imaging
America, Center Valley, PA) using 20% magnification at 478 nm excitation, 507 nm emission
wavelengths for EGFP and Sybr Green and at 535 nm excitation, 617 nm emission
wavelengths for propidium iodide. Cells were randomly selected per treatment group and
assigned into type A, B or C comet categories, based on their tail moments. Type C comets

were defined as apoptotic cells (Krown et al., 1996).

DNA laddering assay- Cells were harvested in medium and pelleted at 1000 x g. Pellets were
resuspended and incubated on ice in lysis buffer (10 mM Tris, | mM EDTA, 0.2% Triton at pH
8.0) for 15 minutes. Resuspended pellet was centrifuged (14,000 x g, 10 minutes at 4°C) and
supernatant containing the fragmented DNA was collected. RNase A (final concentration at 60
mg/ml) was added and incubated for 30 minutes at 37°C. SDS was added to a final concentration
of 0.5% along with 150 pg/ml of proteinase K and incubated 2 hours at 50°C. 0.1 volume of 5 M
NaCl and 1 volume of ice cold isopropanol was added and samples were incubated on ice for 10
minutes. The samples were centrifuged at 13,000 x g for 15 minutes at 4°C. The DNA pellet was
briefly dried and dissolved in 20 pl of TE buffer, followed by electrophoresis (~2 hours, 20V) in

1.5% agarose.

Caspase assays. Caspase 8 and caspase 9 activities were measured using the Caspase-

Glo® Assay according to the Cell-Based Assay protocol (Promega, Madison, WI). PAEC
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were grown in a 96-well white-walled cell culture plate (30,000-50,000 cells/well). Following
treatments, 0.2 ml of Caspase-Glo® Assay Reagent, including the MG-132 Inhibitor, was
added to each well containing 0.2 ml culture media, and incubated for 2 hours at room
temperature on a rotating shaker. Luminescent signals were collected using a Dynex MLX

Microtiter Plate Luminometer (Dynex Technologies, Chantilly, VA).

RNA isolation and reverse transcription (RT)- Total RNA was obtained from bovine PAEC using
the RNeasy kit (Qiagen, Valencia, CA). Genomic DNA was removed using the RNase-Free
DNAse Set (Qiagen, Valencia, CA). RNA concentrations were determined spectroscopically at
260 nm (ND-1000 Spectrophotometer, NanoDrop, Wilmington, DE). RNA (1.0 pug) was subjected
to RT with GeneAmp® RNA PCR kit according to the manufacturer’s protocol (Applied

Biosystems, Foster City, CA).

Semi-quantitative RT-PCR- 1l of cDNA from the RT reaction was used for PCR reaction
containing 0.4 uM each forward and reverse primer, 200 uM each dNTP, 1 U of i7aqg DNA

polymerase, and 1x PCR buffer (BioRad Laboratories Inc., Hercules, CA). PCR reactions were

optimized for annealing temperatures using a temperature gradient in a BioRad iCycler. Reactions
were carried out for 25 cycles using the following conditions: 95°C 1 minute; 60°C 45 seconds;
72°C 1.5 minutes. The last cycle extension was for 10 minutes at 65°C. PCR reactions were
analyzed on a 1.5% agarose gel in Tris EDTA buffer and bands were visualized using ethidium

bromide. All primer sequences are in the supplemental materials and method section.
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Quantitative real-time reverse transcription polymerase chain reaction (qPCR)- 0.2 ul of cDNA
from the RT reaction was subjected to 20 ul gPCR with the primer pairs (Supplement Materials
and Methods). qPCR was performed as recommended by the manufacturer (Applied Biosystems)
in triplicates using 6 uM of each primer and 10 pl of SybrGreen PCR master mix (Applied
Biosystems, Foster City, CA). PCR was run under the following conditions: activation of
AmpliTaq Gold® Polymerase for 10 minutes at 95 C followed by 40 cycles of 95°C for 15
seconds and 60°C for 60 seconds. Absence of non-specific amplification was confirmed by 2%
agarose gel electrophoresis. As an internal control mRNA level, a-tubulin was used. The
comparative threshold cycle (Ct) method was used to assess relative changes in mRNA levels.

Data were collected from 4 to 6 experiments.

Cloning of EGFP-tagged histone H2B- Total mRNA was prepared from cultured primary human
bronchial epithelial cells (Cell Applications, Inc.) and used for RT as described above. 2 ul cDNA
was subjected to 50 pl PCR using the GC-Rich System (Roche Applied Science, Indianapolis, IN),
according to the manufacturer’s instructions. PCR cycles were: 1x 94°C, 3 minutes; 5x 94°C 30
seconds, 55°C 30 seconds, 72°C 2 minutes; 22x 95°C 30 seconds, 55°C 30 seconds, 72°C 1 minute;
and 1x 72°C 7 minutes. PCR product was analyzed by 1.5 % agarose gel electrophoresis, purified
from the gel, and cloned into the Bam HI and Kpn I restriction sites of the pEGFP-N1 vector (BD

Biosciences, San Jose, CA).

Determination of mRNA Half-life- Bovine PAEC were treated as indicated, then
incubated with 5 pg/ml actinomycin D for time courses between 30 minutes and 8 hours.

Total RNA was isolated and the level of Bel-x; mRNA was monitored by qPCR or by semi-
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quantitative RT-PCR (primers are listed above). Level of GAPDH mRNA was determined by
gel electrophoresis and used for normalization of the semi-quantitative RT-PCR. ImageJ

software was used for densitometry (http://www.uhnresearch.ca/facilities/wcif/index.htm).

Plasmid transfection - One day prior to transfection, cells were plated at 1.4 x 10’ cells per well in
a 12-well plate. One microgram of DNA per well was transfected using the FuGENE 6
Transfection Reagent (Roche Applied Science), according to the manufacturer’s instructions, in
serum-free, antibiotic-free medium. The H2B-GFP reporter was co-transfected with the DN or
mutant SHP-2 plasmids (or empty vector control), at a ratio of 1:2, total DNA concentration 1 pg.
Cells were transfected for 6 hours, and then medium was replaced with 0.01% FBS medium with
antibiotics. For luciferase assays, transfection mixtures contained a ratio of renilla-Bcl-x; reporter

construct to luciferase control vector (RSV-Luc) of 6:1 to normalize transfection efficiency.

Dual luciferase assay- Transfected cells were washed twice with cold PBS, lysed with passive
lysis buffer, and assayed for firefly and Renilla luciferase activities using the Dual Luciferase
Assay (Promega) according to the manufacturer's instructions in a Turner TD-20/20 luminometer

(Turner Designs, Sunnyvale, CA).

RNA-IP- PAEC were subjected to RNA-immunoprecipitation as previously described (Sun et al.,

2006) with minor modifications (Supplemental Materials and Methods).

Statistical Analysis- Means = standard deviations (SD) were calculated, and statistically significant

differences between two groups were determined by the Student's 7 test. For three or more groups,
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statistical analysis was performed using one-way ANOVA, followed by the Bonferroni post-
analysis, as appropriate; p <0.05 was considered statistically significant. For mRNA half-life,
linear regression was calculated and confidence intervals determined. Statistical software for all

analysis was SigmaStat 3.1 (Point Richmond, CA).
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Figure Legends

Figure 1. Ang II induces apoptosis in PAEC. A: PAEC were treated with Ang II for the
indicated concentration for 24 hours before apoptosis detection using the neutral comet
assay. B: PAEC were treated with Ang I (0.1 or 10 uM) for 24 hours. DNA was used
in DNA laddering assays. Base pair standards for DNA fragment sizes are indicated. C:
PAEC were treated with Ang II (10 uM) for the indicated times before assaying
apoptosis using the neutral comet assay. Bar graphs show means, = S.D. * indicates
statistical significance from control, p < 0.05, n = 4. All experiments were repeated at

least 4 times.

Figure 2. Ang II-induced apoptosis in PAEC requires the type 2 receptor. A,B: PAEC were
treated with (A) the AT2 antagonist PD123319 (50 uM), or (B) the AT1 antagonist
telmisartan (1 uM) for 20 minutes prior to the addition of Ang II (10 uM) for 24 hours.
Apoptosis was determined using the neutral comet assay. C: PAEC were treated with
either Ang II (0.1 or 10 uM), or AT2 agonist CGP-42112A (CGP, 0.01 or 10 uM) for
24 hours before determining apoptosis using the neutral comet assay. D: PAEC were
either untreated (control, C) or treated with CGP-42112A (CGP, 0.01 or 10 uM) for 16
hours before purification of DNA for DNA laddering analysis. Representative results
are shown from 3 experiments. E: PAEC were treated + the AT2 antagonist PD123319
(50 uM) for 20 minutes prior to treatment with Ang I1 (0.1 or 10 uM) or the AT2
agonist CGP-42112A (CGP, 0.01 or 10 uM). F: PAEC were treated with Ang II (0.1

uM) + pretreatment with the AT2 antagonist PD123319 (50 uM) for 20 minutes. After
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16 hours, cell lysates were prepared and western blotted for the activated form of
caspase 3. Blots were stripped and probed for -actin as a loading control. Graph to the
bottom shows the average results of caspase 3 band densitometry, normalized to -
actin, from 3 experiments. For all bar graphs, data show means, + S.D. * indicates
statistical significance from control, p=0.05, n = 3. § indicates statistical significance

from Ang II treatment alone. Experiments were repeated at least 3 times.

Figure 3. Ang II induces the intrinsic pathway of apoptosis in PAEC. A: PAEC were treated
with the indicated concentrations of Ang Il or CGP-42112A (CGP) for 16 hours before
the preparation of mitochondria-free cell fractions (cytosol) or mitochondria. Lysates
were western blotted for cytochrome c or activated caspase 3. Blots were stripped and
reprobed for B-actin as a loading control for cytosol or for COX4, a marker for
mitochondria. Densitometry results normalized to -actin or COX4 are shown in lower
panels. B: PAEC were treated with the Bax channel blocker (BCB, 10 uM, left panel),
or the Bax inhibitory peptide V5 (100 uM, right panel) or a Bax control peptide (100
uM) for 20 minutes prior to the addition of Ang II (10 uM) for 16 hours. Neutral comet
assays were then performed and the percent apoptosis was determined. C: PAEC were
pretreated with the caspase 3 inhibitor Z-DEVD-FMK (10 uM) before treatment with
10 uM Ang II for 16 hours. Neutral comet assays were performed and the percent
apoptosis was determined. D,E: PAEC were treated with 10 uM Ang II or AT2 receptor
agonist CGP-42112A (CGP, 10 uM) for 16 hours and assayed for caspase 9 (D) and 8
(E). TNFa (1 pg/ml) treatment for 16 hours was used as a positive control for caspase 8

activation; cytochrome ¢ (10 pg/ml) was used as a positive control for activation of
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caspase 9. For all bar graphs, data show means + S.D. *Indicates statistical significance

from control, p <0.05, n = 3. All experiments were repeated at least 3 times.

Figure 4. Ang II induces apoptosis in PAEC by suppressing the Bcl-x protein levels. A: PAEC
were treated with Ang II (10 uM) or AT2 agonist CGP-42112A (CGP, 10 uM) for 16
hours. Mitochondria-free cytosolic extracts were used for western blot of Bel-x;.. Blots
were stripped and reprobed for B-actin. Densitometry results normalized to B-actin are
shown to the right. B,C: PAEC were infected with adenovirus (Adv) GFP or Bcl-x;, for
48 hours, followed by 10 uM Ang II treatment for 24 hours. B) Neutral comet assays
were performed to detect apoptotic cells. Percentage of apoptotic cells were then
determined. C) Lysates were used for western blots with the antibodies against active
caspase 3, Bcl-x;. and B-actin. Representative results are shown. D: PAEC, control or
treated with Ang II (10 uM) for 16 hours were used to prepare whole cell lysate. Equal
amounts of protein lysates were immunoprecipitated with anti-Bax antibody followed
by western blotting for Bcl-x; or Bax. Densitometries are shown to the right showing
the ratio of Bel-xy to Bax. All bar graphs show means + S.D. *Indicates statistical
significance from control, p < 0.05, n = 3. All experiments were repeated at least 3

times.

Figure 5. Ang II induced apoptosis requires SHP phosphatase. PAEC were pretreated with the
following inhibitors for 20 minutes prior to Ang II (10 uM) or AT2 agonist CGP-
42112A (CGP, 10 uM) treatment for 16 hours. Neutral comet assays were performed

and percentages of apoptotic cells were determined. A. PKC inhibitor chelerythrine
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chloride (Chel, 1 uM) or sodium vanadate (Na3VOy, 20 uM), a broad spectrum tyrosine
phosphatase inhibitor; B. PKC inhibitor Calphostin C (50 nM) C: SHP-1/2 phosphatase
inhibitor (NSC-87877; 50 uM). Data show means + S.D. *Indicates statistical
significance from control, p < 0.05, n = 3. All experiments were repeated at least 3

times.

Figure 6. SHP-2 is activated by Ang II. A: PAEC were treated with 10 uM Ang II for the
indicated times. Cell lysates were immunoprecipitated with anti-SHP-2.
Immunoprecipitated SHP-2 protein was then subjected to phosphatase assays. B: SHP-2
phosphorylation in response to Ang II. PAEC were treated with 10 uM Ang II for the
indicated times. Cell lysates were prepared and equal amounts of protein were
immunoprecipated for SHP-2 and blotted for phospho-tyrosine. Panel to the bottom
shows densitometry of phospho-SHP-2 bands. C: PAEC were transfected with wild-
type (WT) SHP-2, dominant negative (DN) SHP-2, or the C459S-mutant (C459S-SHP-
2) phosphatase inactive SHP-2. An expression vector for GFP-tagged H2B histone was
co-transfected as a marker. Cells were untreated or treated with 10 uM Ang II for 24
hours and used for neutral comet assays. GFP-H2B was used to visualize transfected
cells and propidium iodide was added to stain comet tails. D: Cells were treated + SHP-
1/2 phosphatase inhibitor (NSC-87877) prior to 10 uM Ang Il or 10 uM AT2 agonist
(CGP-42112A). Cell lysates were prepared and equal amounts of protein were used for
western blotting for Bel-xi.. Blots were stripped and probed for B-actin as a loading

control. Lower panel shows densitometry analysis of Bcl-xp normalized to -actin. All
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data show means + S.D. *Indicates statistical significance from control, p < 0.05, n = 3.

Experiments were repeated at least 3 times.

Figure 7. Activation of SHP-2 and induction of apoptosis by Ang II require G5 protein as an
adaptor. A,B: PAEC were treated with G, inhibiting peptide or random peptide (0.5
puM) prior to treatment with Ang II (10 uM). A) PAEC lysates were prepared after 1
minute of Ang II exposure, and 100 pg of protein were used to immunoprecipitate SHP-
2. Phosphatase assays were performed as described in the Methods. B) Neutral comet
assays were performed, and the percentage of apoptotic cells were determined after Ang

II treatment (10 uM, 24 hours).

Figure 8. Ang II destabilizes Bcl-x; mRNA in PAEC. A: PAEC were untreated (-) or treated
with Ang I (10 uM) for the indicated time. mRNA was prepared and g-PCR was
performed to determine Bel-x; mRNA normalized to the internal GAPDH mRNA level.
Results show mean +/- S.D, n = 4. * indicates p <0.05. B: PAEC were treated with 10
puM Ang II for 8 hours, followed by treatment with 5 pg/ml actinomycin D for the
indicated times. PCR was performed for Bcl-xp. Open circles = controls; black circles =
Ang II. Densitometry data was normalized to the zero time point for each condition.
Data show means + S.D. *Indicates statistical significance from control, p <0.05, n = 3.

Experiment was repeated 3 times.

Figure 9. Ang II reduces nucleolin binding to the 3°’UTR of the Bcl-xp mRNA. A: Total RNA

of untreated PAEC were extracted and PCR amplified for all three Bcl-x; AU rich sites
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and GAPDH as a control (Top left and right images). RNA-immunoprecipitation of
nucleolin was also performed on the untreated cells (Bottom left). Cells were fixed
with 4% paraformaldehyde, sonicated, and immunoprecipitated with anti-nucleolin
antibody. RNA-protein complex was reverse-crosslinked for 2 hours, and proteinase K
and DNase were added. Phenol/choroform RNA extraction was performed for cDNA
synthesis. PCR was performed for all three AU-rich region of the 3’ UTR of Bel-x;. B:
After PAEC were treated with 10 uM Ang II for 16 hours, RNA-IP for nucleolin and
IgG was done. PCR was performed for the second AU-rich region of the 3° UTR of
Bcl-xp and Bcl-2. Right panel shows densitometry of Bcl-x;, mRNA band. C: Cells were
transfected with renilla-Bcl-x;, 3’UTR and co-transfected with a luciferase vector RSV-
Luc construct to normalize for transfection efficiency. 6 hours after transfection, cells
were placed in serum-free medium. Cells were treated with the SHP-1/2 phosphatase
inhibitor (NSC-87877) prior to 10 uM Ang II exposure for 16 hours. Luciferase and
renilla assays were performed on cell lysates. All data show means + S.D. * Indicates
statistical significance from control, p < 0.05, n = 3. Experiments were repeated at least

3 times.
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Figure 3
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Figure 6
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Figure 8
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Figure 9
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Supplementary Figure 1
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Supplementary Figure 4
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Supplemental Section:

Figure S1: PAEC were treated for 20 minutes with either the Bax inhibitory peptide V5 (100
puM) or control random peptide (100 uM). Ang II (10 uM) was then added for 16 hours.
Mitochondria-free cell lysates (cytoplasm) or mitochondrial extracts were prepared and
western blotted for Bax protein; blots were stripped and reprobed for B-actin (loading
control for cytoplasm) or for COX4 (loading control for mitochondria). Densitometry
results normalized to B-actin or COX4 are shown in lower panels. All bar graphs show
means + SD. *Indicates statistical significance from control, p < 0.05, n = 3. All

experiments were repeated at least 3 times.

Figure S2. Ang II affects Bax/Bcl-x. association. PAEC, control or treated with Ang II (10
uM) for 16 hours were used to prepare cell lysate. A. Input: western blots of
endogenous Bcl-x;, and Bax in whole cell lysate; blot was stripped and reprobed for [3-
actin. B. Unbound fraction: after immunoprecipitation of Bax (shown in Figure 4D),
the supernatant containing the unbound proteins were used for western blotting for Bcl-
xp, and Bax; blot was stripped and reprobed for 3-actin. Densitometries are shown to the
right of each group of gels showing the ratio of Bcl-xi, to Bax; for the input and
unbound fraction, the ratio is normalized to B-actin. All bar graphs show means + SD.
*Indicates statistical significance from control, p < 0.05, n = 3. All experiments were

repeated at least 3 times.
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Figure S3: SHP-2 is expressed in PAEC. RT-PCR analysis of SHP-1 and SHP-2 gene
expression in pulmonary epithelial cells (right panel) and PAEC (left panels). RT-PCR

of GAPDH is shown as a control.

Figure S4: Activation of SHP-2 and induction of apoptosis by Ang II require inactive Ggs
protein but PKA. A. Phosphatase assays were performed on cell lysates prepared after
1 minute of Ang II exposure. B. SHP-2 tyrosine phosphorylation was determined in cell
lysates following the indicated times of Ang II treatment. SHP-2 protein was
immunoprecipitated and used for blotting with an anti-phosphotyrosine antibody. Band
densitomery analysis is shown to the right. C. Neutral comet assays were performed on
PAEC pretreated with cholera toxin A (100 nM), forskolin (50 uM) or H89 (10 uM)
prior to treatment of Ang II (10 uM; 24 hours). Percentage of apoptotic cells were
determined. All bar graphs show means + SD. *Indicates statistical significance from

control, p < 0.05, n = 3. All experiments were repeated at least 3 times.
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Summary:

Pulmonary fibrosis is characterized by the loss of lung epithelial and
endothelial cells, the proliferation of myofibroblasts, and alteration of the lung
extracellular matrix. Hepatocyte growth factor (HGF), an endogenous tissue repair
factor, has been demonstrated to attenuate lung fibrosis in murine models, but the
mechanism is not yet understood. We hypothesized that HGF may block epithelial and
endothelial cell apoptosis induced by profibrotic factors. Our laboratory recently
demonstrated that Ang II activates the intrinsic apoptotic pathway in primary lung
endothelial cells by reducing the level of the anti-apoptotic protein Bcl-xp.. We
determined that Ang II decreased the Bel-xp mRNA half-life by reducing its binding
to nucleolin, a protein that normally binds to a 3° AU-rich region and stabilizes the
Bcel-xp mRNA. We utilized primary cultures of pulmonary artery endothelial cells
(PAEC) and ex vivo cultures of rat lung tissue to investigate HGF inhibition of Ang II-
induced apoptosis. Co-administration of HGF abrogated Ang II-induced activation of
caspase 3 and the release of LDH in rat lung tissue explants. When PAEC were treated
with HGF, apoptosis by Ang Il was completely abrogated, as determined by the
neutral comet assay. HGF inhibited Ang II-induced cytochrome c release, caspase 3
activation, and DNA fragmentation. HGF prevented Ang II-induced decrease of Bcl-
xp, protein. RNA-IP experiments demonstrated that HGF stabilized Bcl-x; mRNA by
increasing nucleolin binding to the 3’UTR region. We found that Ang II caused
nuclear translocation of nucleolin. Western blots demonstrated that HGF-stabilized
Bcl-xp mRNA was associated with cytoplasmic localization of nucleolin. Nucleolin

localization to the cytoplasm and cell survival required Erk1/2 activation by HGF.
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Our data indicate that HGF inhibits Ang II-induced apoptosis by stabilizing Bcl-xi.

mRNA via ERK1/2 phosphorylation of nucleolin.

Introduction:

Hepatocyte growth factor (HGF) was originally identified as a potent
mitogen for mature hepatocytes but has shown the ability to exert potent motogenic,
mitogentic, and motogenic activities on a wide variety of cells via activation of the
tyrosine kinase receptor, Met (1).

Studies show that HGF functions in a variety of organs as a tissue repair factor.
HGF, an anti-apoptotic factor, has been shown to promote normal repair and prevent
aberrant repair mechanisms that can lead to fibrotic remodeling in several organ systems,
including the lung, heart, kidney and liver (2-5). Animal studies show that administration
of HGF induces proliferation of epithelial and endothelial cells and promotes normal
tissue regeneration while at the same time preventing the development of fibrosis. The
simultaneous or delayed administration of HGF to mice with bleomycin-induced lung
injury prevents both endothelial and epithelial cell apoptosis, the appearance of fibroblast
foci, and the accumulation of collagen found in pulmonary fibrosis (2,6). Administration
of adenovirally expressed HGF or HGF gene expression using in vivo transient plasmid
transfection prevented bleomycin-induced increased collagen expression in the lung;
these experiments also showed that HGF preserved normal lung architecture (7,8). HGF
binding to its receptor Met activates a number of signaling in a cell type-dependent
manner. Previous studies reported that HGF activates the Erk1/2 and the PI3K/Akt

pathways, major signal transduction pathways associated with cellular growth and the
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prevention of apoptosis (9,10). In pulmonary artery endothelial cells, HGF activation of
PI3K pathway was shown to upregulate Bcl-xp mRNA.

The vasoactive peptide angiotensin II (Ang II) was first studied for its role in
blood pressure homeostasis. However, Ang II has been shown to play a key role in
the progression of lung, liver, kidney and heart fibrosis (11,12). Ang II has been
shown to induce the growth and transdifferentiation of myofibroblasts as well as the
apoptosis of epithelial and endothelial cells (13,14). Local synthesis of Ang II has
been observed in fibrotic plaques, and human lung myofibroblasts from patients with
idiopathic pulmonary fibrosis were found to generate Ang II (15). Furthermore, the
inhibition of Ang II-induced fibrosis was associated with the reduction of epithelial
and endothelial cell apoptosis (16). Ang II was found to induce apoptosis via the
intrinsic apoptotic pathway in lung epithelial cells (17). Our laboratory showed that
ang II also induced intrinsic apoptosis in PAEC. Ang II-induced release of
cytochrome c, activation of caspase 3, and DNA laddering. We found that Ang I1
treatment of PAEC resulted in the loss of Bel-xt, protein and destabilization of its
mRNA. The stabilization of Bcl-x;, mRNA is dependent upon its 3’UTR, prominently
at an AU-rich element (ARE), being bound to nucleolin. Nucleolin is a 110 kDa
multifunctional protein, ubiquitously present in the nucleus, cytoplasm, and in the cell
membrane (18,19). Phosphorylated nucleolin resides in the cytoplasm, while the
dephosphorylated nucleolin accumulates in the nucleus (20). We found that Ang II
causes nuclear translocation of nucleolin prevented binding to the second AU rich
region of the Bcl-xp, mRNA 3’UTR. The absence of the cytoplasmic nucleolin caused

mRNA instability and degradation.
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Here, we examined the mechanism of HGF-mediated inhibition of Ang II-
induced apoptosis in primary cultures of PAEC. HGF inhibited Ang II-induced
release of cytochrome ¢ and activation of caspase 3. HGF inhibited the nuclear
translocation of nucleolin, resulting in increased nucleolin in the cytoplasm to protect
the Bel-xp mRNA from Ang II-induced degradation. HGF activated Erk1/2 to
phosphorylate nucleolin, thereby inhibiting its nuclear translocation. Together, these
data suggest that HGF protects endothelial cells against Ang II-induced apoptosis via
activated Erk1/2-mediated cytoplasmic localization of nucleolin which stabilizes Bcl-

xp mRNA, thus inhibiting the intrinsic apoptotic pathway.

Experimental Procedures:

Reagents- Angiotensin II was purchased from Bachem, Inc. (Torrance, CA). Antibodies
against cytochrome ¢ and B-Actin were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA); anti-cleaved caspase 3 was purchased from Cell Signaling Technology
(Danvers, MA). The Renilla-Bcl-x;, construct was the gift of Dr. Tim Bowden. HGF was

the gift of Dr. GF Vande Woude (Van Andel Research Institute, Grand Rapids, MI).

Cell Culture- Bovine pulmonary artery endothelial cells (PAEC) were purchased from
American Type Culture Collection (Manassas, VA). Passage 2-8 cells were used for all
experiments and were cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA)
containing 10% FBS (Gemini Bioproducts, Woodland, CA), 1% penicillin/streptomycin
and 0.5% fungizone (Invitrogen). Cells were grown in 5% CO, at 37°C in a humidified

atmosphere in a culture incubator.
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Cell Lysate- Cells were washed with ice-cold PBS and lysed in 50 mM Hepes, pH 7.4; 1%
(v/v) Triton X-100; 4 mM EDTA; 1 mM sodium fluoride; 0.1 mM sodium orthovanadate;

1 mM tetrasodium pyrophosphate; 2 mM phenylmethylsulfonyl fluoride; 10 pg/ml
leupeptin; and 10 pg/ml aprotinin. Lysates were incubated 15 minutes on ice, vortexed, and
insoluble materials were removed by centrifugation (14,000 x g, 10 minutes, 4°C). For
immunoprecipitation of Bax, cells were washed with cold PBS and lysed in CHAPS buffer
(50 mM Tris-HCI; 1mM EGTA; 1% (w/v) CHAPS; 10% glycerol; 50 mM sodium fluoride;
1 mM sodium orthovanadate; 2 mM phenylmethylsulfonyl fluoride; 10 pg/ml leupeptin;
and 10 pg/ml aprotinin). Equal concentrations of protein from cell lysates were incubated
with primary antibody (1:1000 dilution). GammaBind Plus beads (1:100 dilution;
Amersham Biosciences, Piscataway, NJ) were added and samples were rotated at 4°C
overnight. The beads were centrifuged at 10,000 x g for 10 minutes at 4°C, washed twice
with lysis buffer containing protease and phosphatase inhibitors. To elute, beads were

resuspended in 25 ul Laemmli buffer incubated for 5 minutes at 95°C.

Western blots- Whole cell lysates (10 ng of total protein) were subjected to
SDS polyacrylamide gel electrophoresis and electroblotted onto nitrocellulose
membrane. Membranes were blocked with 5% BSA in Tween 20 Tris Buffered Saline
(TTBS, Tris Buffered Saline, 0.1% Tween 20) for 1 hour at ambient temperature.
Membranes were then incubated overnight at 4°C with primary antibody (1:1000
dilution) in TTBS containing 0.5% (w/v) BSA. Membranes were washed three times
with TTBS for 10 minutes, followed by incubation with horse-radish peroxidase-

labeled secondary antibody (1:1000 in TTBS) for 1 hour at ambient temperature. For
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protein detection, membranes were washed for 3 hours with TBS, incubated in ECL
(Pierce Biotechnology), and analyzed on a FujiFilm Image Reader LAS-1000Pro

(FujiFilm USA Inc., Valhalla, NY).

Mitochondria and mitochondria-free cytosolic protein extraction —
Mitochondria extraction was performed using the Mitochondria Isolation Kit for

Cultured Cells according to the manufacturer’s protocol (Pierce, Rockford, IL).

Neutral Comet Assay- The neutral comet assay was used to measure double
stranded DNA breaks as an indication of apoptosis (21). After treatment, cells were
embedded in 1% (w/v) low-melting agarose and placed on comet slides (Trevigen,
Gaithersburg, MD). Slides were placed in lysis solution (2.5 M NaCl, 1% Na-lauryl
sarcosinate, 100 mM EDTA, 10 mM Tris base, 0.01% Triton X-100) for 30 minutes,
followed by a wash in 1 x TBE buffer (0.089 M Tris; 0.089 M Boric acid; and 0.002
M EDTA, pH 8.0). Nuclei were electrophoresed for 10 minutes at 18 V in 1xTBE.
Cells were then fixed with 75% ethanol for 10 minutes and air-dried overnight, stained
with 1xSybr® Green (Molecular Probes, Eugene, OR) or propidium iodide (Sigma-
Aldrich, St. Louis, MO) and visualized with an Olympus FV500 confocal laser
scanning microscope (Olympus Imaging America, Center Valley, PA) using 20 x
magnification at 478 nm excitation, 507 nm emission wavelengths for Sybr Green and
at 535 nm excitation, 617 nm emission wavelengths for propidium iodide. All cells

were counted in randomly selected fields for each treatment group and assigned into
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type A, B or C comet categories, based on their tail moments. Type C comets were

defined as apoptotic cells (22).

DNA laddering assay- Cells were harvested in the medium and pelleted at 1000 x g.
Pellets were resuspended and incubated on ice in lysis buffer (1x Tris-EDTA, 0.2% Triton
at pH 8.0) for 15 minutes. Resuspended pellet was centrifuged (14,000 x g, 10 minutes at
4°C) and supernatant containing the fragmented DNA was collected. RNase A (final
concentration at 60mg/ml) was added and incubated for 30 minutes at 37°C. SDS was
added to a final concentration of 0.5% along with 150 pg/ml of proteinase K and incubated
2 hours at 50°C. 0.1 volume of 5 M NaCl and 1 volume of ice cold isopropanol was added
and samples were incubated on ice for 10 minutes. The samples were centrifuged at 13,000
x g for 15 minutes at 4°C. The DNA pellet was briefly dried and dissolved in 20ul of TE

buffer, followed by electrophoresis (~2 hours, 20V) in 1.5% agarose.

RNA isolation and reverse transcription (RT)- Total RNA was obtained from bovine PAEC
using the RNeasy kit (Qiagen, Valencia, CA). Genomic DNA was removed using the
RNase-Free DNAse Set (Qiagen). RNA concentrations were determined spectroscopically
at 260 nm (ND-1000 Spectrophotometer, NanoDrop, Wilmington, DE). RNA (1.0 ug) was
subjected to RT with GeneAmp® RNA PCR kit according to the manufacturer’s protocol

(Applied Biosystems, Foster City, CA).

Semi-quantitative RT-PCR- 1l of cDNA from the RT reaction was used for

PCR reaction containing 0.4 uM each forward and reverse primer, 200 uM each
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dNTP, 1 U of iTag DNA polymerase, and 1x PCR buffer (BioRad Laboratories Inc.,

Hercules, CA). The PCR primers for Bel-xp mRNA were: 5'-GGT ATT GGT GAG
TCG GAT CG and 5-GCT GCA TTG TTC CCG TAG AG. PCR reactions were
optimized for annealing temperatures using a temperature gradient in a BioRad
iCycler. Reactions were carried out for 25 cycles using the following conditions: 95°C
1 minute; 60°C 45 seconds; 72°C 1.5 minutes. The last cycle extension was for

10 minutes at 65°C. PCR primers for GAPDH were: 5’- GAA GCT CGT CAT CAA TGG
AAA and 5’- CCA CTT GAT GTT GGC AGG AT. PCR reactions were analyzed on a 1.5%

agarose gel in Tris EDTA buffer and bands were visualized using ethidium bromide.

Determination of mRNA Half-life- Bovine PAEC were treated as indicated,
then incubated with 5 pg/ml actinomycin D for time courses between 30 minutes and
8 hours. Total RNA was isolated and the level of Bel-x; mRNA was determined by
gqPCR or by semi-quantitative RT-PCR (primers listed above). Levels of GAPDH
mRNA were determined by gel electrophoresis and used for normalization of the
semi-quantitative RT-PCR (primers are listed above). ImageJ software

(http://www.uhnresearch.ca/facilities/wcif/index.htm) was used for quantitation.

Protein stability assay- To measure the rate of degradation of Bel-x; and
nucleolin, cells were treated with 50 pg/ml of cycloheximide 16 hours after the Ang II
treatment to prevent further protein synthesis. The cell lysates were prepared from
samples taken at different time points and the western blotting was used to determine

protein levels.
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Plasmid transfection - One day prior to transfection, cells were plated at 1.4 x 10° cells per
well in a 12-well plate. DNA (1 pg) per well was transfected using the FUGENE 6
Transfection Reagent (Roche Applied Science, San Francisco, CA), according to the
manufacturer’s instructions, in serum-free, antibiotic-free medium. For luciferase assays,
transfection mixtures contained a ratio of renilla-Bcl-x. reporter construct to luciferase

control vector (RSV-Luc) of 6:1 to normalize transfection efficiency.

Dual luciferase assay- Transfected cells were washed twice with cold PBS, lysed with
passive lysis buffer, and assayed for firefly and Renilla luciferase activities using the Dual
Luciferase Assay (Promega, Madison, WI) according to the manufacturer's instructions in a

Turner TD-20/20 luminometer (Turner Designs, Sunnyvale, CA).

RNA-IP- Cells were harvested by centrifugation at 1000 x g for 3 minutes and
resuspended in 10 ml of PBS. RNA and protein complexes were cross-linked by
adding of 1.0% (v/v, final concentration) of formaldehyde and incubation at room
temperature for 10 minutes with gentle mixing. Cross-linking was quenched by
addition of glycine (pH 7.0, 0.125 mol/L final concentration), at room temperature for
5 minutes. Cells were washed twice with 10 ml PBS containing protease and RNAse
inhibitors. The pellet was resuspended in 0.2 ml NP-40 buffer (5 mM PIPES pH 8.0,
85 mM KCI, 0.5% NP40, protease inhibitors, RNase inhibitor) and incubated on ice
for 10 minutes. Nuclei were pelleted by centrifugation at 1400 x g for 5 minutes at

4°C. Supernatant was sonicated three times for 20 seconds each at output level 6 of a
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sonic dismembrator, Model 100 (Fisher Scientific, Pittsburg, PA). The samples were
cleared by centrifugation for 10 minutes, 14000 rpm at 4°C, and diluted 10 fold into IP
buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris pH 8.1, 167
mM NaCl, protease inhibitors, RNase inhibitor) to a final volume of 1 ml per
immunoprecipitation reaction. A 1% aliquot was preserved as an input sample.
Nucleolin antibody (1:1000 dilution) was added to each tube and immune complexes
were allowed to form by gentle mixing on a rotating platform at 4°C overnight. To
collect immune complexes, 50 pL of Sepharose Beads were added and mixed gently
for 2 hours followed by centrifugation at 60 x g for 2 minutes at 4°C. The immune
complexes were washed for 5 minutes each with low salt (0.1% SDS, 1% Triton X-
100, 2 mM EDTA, 20 mM Tris-HCI pH 8.1, 150 mM NaCl), high salt (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8.1, 500 mM NacCl), LiCl (0.25M
LiCl, 1% NP40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCI pH 8.1), and twice
with TE buffer. Each wash was followed by 60 x g centrifugation for 1 minute.
Immune complexes were eluted in 500 pL of elution buffer (1% SDS, 0.1 M NaHCOs,
RNase inhibitor). NaCl was added to a final concentration of 200 mM then samples
were placed at 65°C for 2 hours to reverse crosslinking. Next, 20 pl of 1 M Tris-Cl
pH 6.5, 10 ul of 0.5 M EDTA, and 20 ug of Proteinase K were added to each sample
and incubated at 42°C for 45 minutes. RNA was extracted using phenol:chloroform
with glycogen as a DNA-carrier. DNA was removed with DNase (Qiagen). RT-PCR
was performed using 1l of the cDNA reaction for 25 cycles: denaturing was
performed at 95°C for 1 minute, annealing for 45 second at 60°C, and polymerase

reaction for 1.5 minute at 72°C. Primers for Bel-x; ARE-2 were 5°-ACC TTC CTC
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AAT TGT CGT GG-3’ and 5’-GGG GAA AAG GGT CAG AAA C-3’ and Bcl-2
ARE were 5’- TGC TTT TGA GGA GGG CTG CAC and 5’- ACT GCC TGC CAC

AGA CCA GC.

Ex-vivo Lung Explants- All treatment of animals was according to National Institutes of
Health, Department of Defense, and institutional guidelines. Sprague-Dawley rats
(Taconic, Germantown, NY) were housed 1 female with litter per cage in a facility
accredited by the Association for Assessment and Accreditation of Laboratory Animal Care
International. Animal rooms were maintained at 21 = 2°C, 50% + 10% humidity, and 12-h
light/dark cycle. Commercial rodent ration (Harlan Teklad Rodent Diet 8604) and water
were freely available. Rat pups were obtained on postnatal day 10-11. Animals were
anesthetized with pentobarbital and decapitated, or euthanized with Fatal-Plus. The surface
of the anterior chest wall and upper abdomen were sterilized with 70% ethanol. After the
trachea was exposed, a small nick was made to insert a 22 gauge needle with a short piece
of polyethelene tube attached. Through a midline abdominal incision the chest cavity was
exposed and the animal was exsanguinated by severing the abdominal aorta. The right
ventricle was punctured and the lungs were perfused with sterile PBS to remove the blood.
The trachea, lungs, and the heart were then aseptically dissected from the animal.

To obtain lung slices for the ex-vivo culture, the lungs were inflated with 1% low
melting point agarose dissolved in RPMI medium. The agarose was instilled into the
trachea using a syringe and fully inflated the lungs. The lungs were placed in a sterile cell
culture plates and at 4°C for at least 30 minutes to solidify the agarose. The heart was then

excised from the lung and each lobe of the lung was embedded on a cutting board with 1%
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agarose to prevent movement. The agarose-filled and embedded lungs were then chopped
on a MclLwain tissue chopper (GeneQ Inc. Quebec, Canada) into 500 um thick slices. The
lung explant slices were incubated in RPMI containing 10% FBS, 1%
penicillin/streptomycin and 0.5% fungizone for an hour in 37°C in a humidified chamber
with 5% CO,. Lung slices were transferred to a 24-well cell culture plate with treatment
for 16 to 24 hours in 37°C humidified chamber with 5% CO..

For immunohistochemistry and microsopcy, the agarose inflated lungs were fixed
by immersion in 10% buffered neutral formalin for 24-48 hours. The fixed lungs were
embedded in Tissue-Tek OCT compound (VWR) and stored at -20°C. Lung slices of 10 to
20 pum thickness were prepared using a SL-3000 Edge Cryostat (HACKER Instruments &
Industries Inc, Winnsboro, SC). The slices were then processed using standard histological
techniques. Primary antibodies of cleaved caspase 3 (Cell Signaling Technology, Beverly
MA) were used in final dilution of 1:200. Negative controls were done by omitting the

respective primary antibodies.

Statistical Analysis- Means + standard deviations (SD) were calculated, and statistically
significant differences between two groups were determined using the Student's ¢ test. For
three or more groups, statistical analysis was performed using one-way ANOVA, followed
by the Bonferroni post-analysis, as appropriate; p <0.05 was considered statistically
significant. For mRNA half-life, linear regression was calculated and confidence intervals

determined. Statistical software for all analysis was SigmaStat 3.1 (Point Richmond, CA).
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RESULTS

HGF inhibits Ang Il-induced apoptosis. HGF has been demonstrated to
attenuate cellular apoptosis and reverse fibrosis in the lung (2,6). Previously, we
investigated the effects of Ang II on primary pulmonary artery endothelial cells
(PAEC) and found that 10 uM Ang II caused DNA fragmentation in 24 hours (Lee et
al. 2010. In press). The effect of HGF on Ang II-induced apoptosis in PAEC was
examined using the neutral comet assay, which detects chromosomal breakdown as a
function of apoptosis. Pretreatment with HGF significantly inhibited the Ang II-

induced apoptosis (Fig 1A).

HGF inhibits Ang Il-induced intrinsic apoptosis. Previously, we showed that
Ang II activates the intrinsic pathway, including cytochrome c release, caspase 9 and
caspase 3 activation and DNA laddering. To determine whether HGF can inhibit Ang
[I-induced intrinsic apoptosis, cells were pretreated with HGF prior to Ang II
treatment. Western blot analysis revealed significant inhibition of Ang II-induced
caspase 3 activation and the release of cytochrome ¢ with the HGF treatment (Fig 2A).
To confirm that the cells are indeed undergoing apoptosis, we performed DNA
laddering, where 25 ng/ml HGF pretreatment inhibited Ang II-induced DNA

fragmentation (Fig 2B).

HGF inhibits Ang II- reduced Bcl-x; mRNA half-life. We recently reported
that Ang Il reduced Bcl-x. protein levels within 16 hours of treatment (Lee ef al.

2010, in press). However, pretreatment with HGF blocked Ang II-induced
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downregulation of Bel-x. (Fig 3A). The data was confirmed by a protein degradation
assay. The cells that were treated with Ang II showed increased Bcl-x;. protein
degradation compared to the control and HGF treated cells (Fig 3B). Co-
immunoprecipitation assays demonstrated that while Ang II significantly lowered the
Bax and Bcl-x;. protein interaction, which result in mitochondrial outer membrane
permeabilization, HGF restored this effect (Fig 3C). These data suggest that HGF
prevents the Ang II-induced Bcl-x; downregulation and inhibits cells from undergoing
apoptosis.

Previously, we found that the mechanism involved a reduction of the half-life
of Bel-xp, mRNA from ~7 hours in control cells to ~3 hours. The downregulation of
Bcl-x; mRNA and protein levels, results in a decreased ratio of anti-apoptotic to pro-
apoptotic proteins. The decrease in the ratio is sufficient to induce apoptosis (23).
Therefore, we investigated the effect of HGF on Bcl-x;, mRNA stability. While Ang
II caused a reduction in Bel-xp mRNA half-life, the level of Bcl-xp mRNA in the cells
treated with HGF was stabilized even in the presence of Ang II treatment (Fig 3D).
These data suggest that HGF can stabilize Bcl-x;, mRNA and prevent the Ang I1I-

induced decrease of Bcl-xp protein levels.

HGF activated Erkl/2 inhibits Ang Il-induced apoptosis. To confirm that HGF
utilizes the Erk1/2 pathway to localize nucleolin in the cytoplasm and allow binding
and stabilization of protein to bind to and stabilize the Bcl-x; mRNA and inhibit
intrinsic apoptosis, PAEC were treated with Ang Il and HGF with either U0126 or

LY294002. Ang II treatment alone induced apoptosis while HGF pretreatment
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inhibited the cell death (Fig 4A). U0126 and HGF treatment prior to Ang II
significantly increased the apoptotic level. LY294002 and HGF treatment prior to
Ang II also increased the level of apoptosis, but not to the degree of the U0126
treatment (Fig 4A). When treated with both U0126 and LY294002 treatment prior to
HGF and Ang 11, the level of apoptosis was comparable to that of Ang II treatment
alone (Fig 4A). Similar results were seen when using cleaved caspase 3 as a marker of

apoptosis (Fig 4B).

HGF protects the interaction between cytoplasmic nucleolin and the 3’'UTR of
the Bcl-xL mRNA. Nucleolin protein has shown to bind to 3’UTR of Bel-x; mRNA to
stabilize and protect mRNA from degradation. We have recently shown that Ang II
causes displacement of nucleolin from the Bel-xp, mRNA (Lee ef al. 2010. In press).
To test if HGF will prevent Ang II-induced displacement, RNA-IP was performed to
detect the nucleolin-Bcl-xp mRNA complex. Ang II decreased the level of Bel-xp
mRNA bound to nucleolin. HGF pretreatment maintained the Bcl-x; -nucleolin
complex at basal levels (Fig SA). To confirm our findings, we tested the effects of
HGF using a renilla-Bcel-xp 3’UTR construct. Ang II decreased the levels of renilla-
Bcl-x1, HGF pretreatment inhibited the Ang II-induced decrease (Fig 5B). This data
suggest that HGF increases the interaction between cytoplasmic nucleolin and Bel-xi,

mRNA, even in the presence of Ang II.

HGF blocks Ang Il-induced translocation of nucleolin to the nucleus. We

hypothesize that Ang II-induced nucleolin nuclear translocation caused cytoplasmic
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Bcl-x;, mRNA instability and decreased Bcl-xp mRNA half-life; however, HGF will
prevent the relocation of nucleolin proteins, allowing the binding between the
nucleolin and the 3° UTR of Bel-xp mRNA resulting in the restoration of mRNA
stability. To test if HGF can inhibit the Ang II-induced nucleolin translocation, cells
were treated with HGF prior to treatment with Ang. Nuclear and cytoplasmic
fractions were examined for nucleolin protein using western blot analysis. Treatment
with 10 uM Ang II for 24 hours decreased the nucleolin protein in the cytoplasm while
it increased in the nucleus (Fig 6). A 30- minute pretreatment with HGF (25 ng/ml)
inhibited the Ang II-induced translocation of nucleolin from the cytoplasm to the
nucleus (Fig 6). This suggests that HGF inhibits Ang II-induced nucleolin nuclear

localization.

HGF stabilization of the binding of nucleolin to the Bcl-x;, 3 ’UTR requires
Erkl/2 pathway.

Prior studies of HGF-induced cell survival suggested the involvement of two
major pathways: the Erk1/2 and PI3K/Akt pathway (24,25). To determine which
pathway HGF utilizes for stabilization of the nucleolin- Bcl-xp mRNA complex, cells
were treated with either the Mek1/2 inhibitor U0126 or PI3K inhibitor LY294002
prior to the addition HGF + Ang II. Treatment with Ang II decreased levels of
nucleolin in the cytoplasm and increased levels of nucleolin were found in the nucleus
(Fig 7A). This was prevented by HGF. Pretreatment with U0126 blocked HGF
localization of the nucleolin in the cytoplasm, and nucleolin increased in the nucleus

(Fig 7A.,B). LY294002 treatment did not effect the HGF inhibition of Ang II-induced
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nucleolin translocation (Fig 7A). To determine whether Erk1/2 pathway is required
for the interaction between nucleolin and Bel-x; mRNA, RNA-IP nucleolin was
performed. U0126 pretreatment blocked HGF inhibition of Ang II-induced
dissociation of nucleolin and Bel-xL mRNA. (Fig 7C). Again, LY294002 treatment
did not alter the level of nucleolin- Bel-xp mRNA interaction induced by HGF (Fig
7C). These findings were confirmed using the renilla-Bcl-x; 3°’UTR. We observed
that levels of Bel-xp 3°’UTR level increased with HGF treatment but U0126 treatment
prevented the increase (Fig 7D). These data suggest that HGF-activated Erk1/2 is

required for HGF-induced cytoplasmic localization of nucleolin.

HGF inhibits Ang Il-induced apoptosis in ex vivo

The ex vivo lung slices represent an alternative to in vivo method in measuring
cellular signaling mechanisms. This technique has the advantage of studying specific
organ without the confounding whole body effects (26). Studies have shown that data
from the ex vivo model can be an strong representative for the in vivo models data
(26,27). In the ex vivo method, an isolated organ sustains the architecture and
functionality of the tissue, thus represents a closer model to in vivo than the in vitro
monolayer models from a single cell type. Studies have shown that alveolar cells
divide and correctly differentiate in ex vivo lung slice cultures (28). Ex vivo technique
has been used to determine drug responses, apoptosis, and cell survival (29-31). The
ex vivo lung model also has been demonstrated to act as a reliable model for in vivo
studies to demonstrate the role of Ang II signaling in lung cell apoptosis from pro-

fibrotic stimuli (29,32).
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We used the ex-vivo lung explant model with Ang II treatment overnight with
or without HGF. Subsequently, a LDH-cytotoxicity assay was performed, which
evaluates cell death by the quantification of plasma membrane damage. Ang II
treatment induced a ~2.4 fold increase in LDH levels compared to the untreated
control (Fig 8A). Co-treatement with HGF showed LDH levels comparable to the
untreated control (Fig 8A).

With ex-vivo lung explants, we found Ang II-activation of pro-apoptotic
proteins and HGF inhibition of caspase cascade just like the cell culture model. While
the level of cleaved caspase 3 was high in the Ang II treated rat lung explant, the co-
treatment with the HGF inhibited the activation of the effector caspase (Fig 8B). Ang
IT treatment also lowered the level of Bel-xi, protein level, but with HGF, the level of
Bcl-x;, was similar to the control (Fig 8B). Immunohistochemistry on the Ang II
treated rat lung tissues revealed high levels of cleaved caspase 3 while HGF treatment

lowered the cleaved caspase 3 levels (Fig 8C).

HGF activated Erkl/2 inhibits Ang Il-induced apoptosis in ex vivo.

To confirm that HGF activation of Erk1/2 is necessary to inhibit Ang II
induced apoptosis, we first utilized chemical Mek inhibitor U0126. Ang II treatment
of ex-vivo rat lung explants increased levels of cleaved caspase 3 (Fig 9A) but
pretreatment with HGF prevented cleavage of caspase 3 (Fig 9A). When the lung
slices were pretreated with U0126 prior to HGF and Ang II treatment, levels of active
caspase 3 increase (Fig 9A). To verify that U0126 can enter and inhibit MEK in the

tissue, a control experiment was performed, showing that phosphorylated Erk1/2 is
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present in the tissue and can be inhibited by U0126 (Fig 9A). Lastly, the tissue was
infected with either adenovirus-encoded GFP or adenovirus-encoded dominant
negative (DN) Mek. Adenovirus-GFP was used to confirm viral incorporation and
gene expression in the lung ex-vivo explants (Fig 9B). After infection, lung explants
were treated with HGF and Ang II. Tissue was homogenized and protein lysates were
western blotted to determine the levels of the cleaved caspase 3. Adenovirus-GFP
tissues treated with Ang II showed increased active caspase 3 levels; but with HGF
treatment, cleaved caspase 3 levels were significantly reduced (Fig 9B). Adenovirus-
DN Mek-infected tissue showed increased levels of caspase 3 activation in the
presence of Ang Il as well as HGF (Fig 9B). Together, the data suggest that HGF
utilizes the Erk1/2 pathway to phosphorylate and localize the nucleolin protein in the

cytoplasm.

DISCUSSION

The primary finding of this work is that HGF protects lung cells from Ang II-
induced apoptosis via activated Erk1/2-mediated localization of nucleolin, which
stabilizes Bel-xp mRNA, thus inhibiting the intrinsic apoptotic pathway. Our data
demonstrate that cytochrome c release from the mitochondria, caspase 3 activation and
DNA fragmentation are blocked by HGF in both the in vitro and ex-vivo models. This
blockade involves the stabilization of anti-apoptotic Bcl-xp mRNA via the binding of
nucleolin as a result of HGF treatment. And we demonstrated that the binding of
nucleolin depends on the activation of Erk1/2. These data confirm that HGF inhibits

Ang II-induced intrinsic apoptosis.
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The multifunctional nucleolin protein can bind to RNA and DNA (33).
In the cytoplasm, nucleolin plays a role in cell survival through Bcl-2 and Bel-xp
mRNA stabilization (33,34). Studies have shown that the AU-rich region of the 3’
UTR of Bel-x;. and Bel-2 mRNA is the critical site for stability of the message, as the
nucleolin binding to the 3° UTR prevents AU-targeting of the mRNA for degradation
(18,33). We have previously shown that while nucleolin does bind to Bcl-2 mRNA in
PAEC, Ang II treatment does not decrease the Bcl-2 protein level suggesting Bcl-2
protein does not play a major role in Ang II-induced apoptosis. Upon
dephosphorylation of nucleolin, it is translocated from the cytoplasm to the nucleus,
where it is no longer available for mRNA stabilization (20). Down-regulation of
nucleolin, by siRNA or by agents that cause its degradation, is sufficient to induce
growth arrest and apoptosis (35,36). Previously, we found that Ang II caused a
decrease in Bel-xp half-life by reducing the nucleolin binding to the second AU-rich
region of the UTR of Bcl-xp mRNA (Lee ef al. 2010. In press).

In the cytoplasm, nucleolin plays a role in cell survival through Bel-xp mRNA
stabilization; while in the nucleus, it is shown to be related to pro-apoptotic activities
(20). Thus, cellular localization of nucleolin is an important factor in cell survival
mechanisms. We have shown that Ang II causes nucleolin to translocate to the
nucleus while HGF treatment prevented the nuclear localization. The data suggest that
HGF-mediated phosphorylation of nucleolin prevents nuclear localization; and the
cytoplasmic nucleolin was shown to bind the 3’UTR mRNA of Bcl-xp. This confirms
that HGF facilitates interaction between the Bel-x; mRNA and nucleolin even in the

presence of Ang II treatment.
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The mechanism of HGF-induced cell growth and inhibition of apoptosis
involves two major pathways: the Erk1/2 and PI3K/Akt pathways (24,25). HGF
activation of Erk1/2 pathway led to an increase of Bel-xp. protein involving ETS
transcription factors in the mesothelimoa cells (37). The PI3K/Akt pathway is
associated with cell motility (38-40) and survival (41,42) and has shown to be
involved in upregulation of Bcl-x;, protein to protect epidermal keratinocytes from
apoptosis in vivo (43) HGF has shown the ability to promote cell survival by dual
mechanisms involving phosphorylation and deactivation of pro-apoptotic Bad protein
and upregulating the anti-apoptotic Bcl-x;, protein (44). Previous studies have shown
Akt to exert its anti-apoptotic effects through the Akt phosphorylation of nucleolin
(45,46). Akt has also been shown to prevent apoptosis via phosphorysation of the pro-
apoptotic protein Bad, which in its unphosphorylated state sequesters and inactivates
various anti-apoptotic proteins (47). However, phosphorylated Bad binds with the 14-
3-3 protein, which frees anti-apoptotic Bcl-2 proteins to bind and inhibit Bax thus
preventing apoptosis (48). However, PI3K inhibition did not cause nuclear
localization of nucleolin suggesting that PI3K activity is not necessary to
phosphorylate nucleolin.

The cell proliferation and survival effects by HGF (49,50) are initiated by the
activation of the Gab1/Grb2/Ras pathway (51), which results in the phosphorylation of
Erk1/2 (52,53). Previous studies have demonstrated that HGF-induced Erk1/2
activation prevents cell death (54,55). Studies have also reported that Erk1/2 increases
cell survival by regulating the phosphorylation state of anti-apoptotic proteins (56,57)

and decreasing levels of caspase 3 activity (58). Erk1/2 inhibition did cause nuclear
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localization of nucleolin suggesting that Erk1/2 activity is necessary to phosphorylate
nucleolin. Erk1/2 activation was found necessary to induce interaction between
nucleolin and Bel-xp mRNA while the PI3K/Akt pathway inhibition did not
downregulate the interaction between nucleolin and Bcel-xp mRNA. This data suggests
that Erk1/2 activation is necessary in phosphorylating, localizing nucleolin in the
cytoplasm, and inducing a nucleolin- Bcl-x; mRNA interaction. Overall, our data
suggest that the HGF-activated Erk1/2 pathway phosphorylates nucleolin and
stabilizes the Bel-xp mRNA.

Even with the HGF treatment, Erk1/2 inhibition allowed significant increase of
Ang II-induced caspase 3 activation and apoptosis. This suggests that HGF utilizes
the Erk1/2 pathway to prevent Ang II-mediated apoptosis. However, in the
LY294002/HGF/Ang II treatment group, caspase 3 activation was still higher than the
untreated group. This suggests that HGF might be also activating PI3K pathway for
cell survival. Inhibiting HGF-induced activation of both PI3K/Akt and Erk1/2
allowed Ang II to activate caspase 3 to the level comparable to the Ang II treatment
alone. We can conclude that while HGF utilizes Erk1/2 to phosphorylate nucleolin
and control the anti-apoptotic Bcl-x, level in the cell, HGF also utilizes PI3K/Akt
pathway for cell survival. Because we demonstrated that PI3K pathway is not
involved in nucleolin phosphorylation, PI3K pathway might inhibit MOMP through

the phosphorylation of Bad.
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Figure Legends

Figure 1. HGF inhibits Ang II-induced apoptosis in PAEC. PAEC were grown to 80%

confluence and starved in 0.01% FBS media overnight. Cells were treated with
HGF (25 ng/ml) for 20 minutes prior to 10 uM Ang II for 24 hours. (A) Neutral
comet assay on HGF and Ang II-treated PAEC was done. The percent of

apoptotic cells are indicated. Data show means, £ S.D. * indicates statistical
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significance from control, p < 0.05, n = 4. Experiments were repeated at least 4

times.

Figure 2. HGF inhibits Ang II-induced intrinsic apoptosis. (A,B) PAEC were grown to
80% confluence and starved in 0.01% FBS media overnight. Cells were treated
with HGF (25 ng/ml) for 20 minutes prior to 10 uM Ang II for 24 hours. (A)
Cells were lysed and mitochondria were removed from the cytosolic
components. Mitochondria-free lysates were western blotted for cytochrome c
and cleaved caspase 3. Right panels indicate densitometry normalized to B-actin;
Data show mean band density normalized to actin + SD. *Indicates statistical
significance from control, p < 0.05, n = 3. (B) HGF (25ng/ml) treatment shows

inhibition of Ang II (10 uM) DNA fragmentation.

Figure 3. HGF inhibits Bcl-xp mRNA and protein degradation. PAEC were grown to
80% confluence and were placed in low serum (0.01% FBS) overnight. (A)
Western blot analysis using the cell lyates were performed for Bel-x;. protein
expression. Panel shows densitometry of Bcl-x; normalized to -actin. (B) Cells
were pre-treated with HGF (25 ng/ml) for 20 minutes prior to treatment with 10
uM Ang II for 16 hours. Following the treatment, 50 pg/mL cycloheximide was
added. Protein lysates were used in the western blots to determine the
expression of Bcl-xp. (C) PAEC were treated with HGF followed by Ang II and
immunoprecipated for Bax and western blotted for Bcl-xp (D) Cells were pre-

treated with HGF (25 ng/ml) for 20 minutes prior to treatment with 10 uM Ang
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IT for 8 hours. Following the treatment, 5 pg/ml actinomycin D was added and
at various time points, total RNA was extracted, and the levels of Bcl-xp mRNA
were monitored by RT-PCR. Data show means, = S.D. * indicates statistical
significance from control, p < 0.05, n = 3. Experiments were repeated at least 3

times.

Figure 4. HGF-activated Erk1/2 is necessary to inhibit apoptosis. (A,B) PAEC were
grown to 80% confluence and were placed in low serum (0.01% FBS) overnight.
Cells were then pre-treated with combinations of U0126 (10 uM), LY294002
(10 uM), and/or HGF (25 ng/ml) for 20 minutes prior to treatment with 10 uM
Ang II for 24 hours. A. Neutral comet assay was performed. B. Western blot,
using the whole cell lysates, was performed to analyze the protein expression of
cleaved caspase 3. Data show means, + S.D. * indicates statistical significance

from control, p < 0.05, n = 4. Experiments were repeated at least 4 times.

Figure 5. HGF stabilizes Bel-x;, mRNA via nucleolin binding. PAEC were grown to
80% confluence and were placed in low serum (0.01% FBS) overnight. Cells
were then pre-treated with HGF (25 ng/ml) for 20 minutes prior to treatment
with 10 uM Ang II for 24 hours. (A) Cells were fixed, sonicated, and
immunoprecipitated with C23-nucleolin antibody. RNA-protein complex was
reverse-crosslinked for 2 hours, and proteinase K and DNase were added.
Phenol/choroform RNA extraction was performed for cDNA synthesis. PCR

was performed for the second AU-rich region of the 3° UTR of Bcl-x;.. Lower
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panel shows densitometry of Bcl-xp mRNA band. Data show means + S.D.
*Indicates statistical significance from control, p < 0.05, n = 3. (B) Cells were
transfected with renilla-Bcl-x;. 3’UTR and co-transfected with a luciferase
vector RSV-Luc construct to normalize for transfection efficiency. 6 hours after
transfection, cells were placed in serum-free medium. Cells were pretreatment +
the HGF (25 ng/ml) before treatment with 10 uM Ang II for 16 hours.
Luciferase and renilla assays were performed on cell lysates. Data show means +
S.D. *Indicates statistical significance from control, p < 0.05, n = 3.

Experiments were repeated at least 3 times.

Figure 6. HGF blocks nucleolin translocation to the nucleus. PAEC were grown to 80%
confluence and were placed in low serum (0.01% FBS) overnight. Cells were
then pre-treated with HGF (25 ng/ml) for 20 minutes prior to treatment with 10
uM Ang II for 24 hours. After Ang Il = HGF treatment, cytosolic and nuclear
fractions were ran on a western blot and analyzed for the nucleolin protein. Data
show means, = S.D. * indicates statistical significance from control, p < 0.05, n

= 3. Experiments were repeated at least 3 times.

Figure 7. HGF localizes cytoplasmic nucleolin via Erk1/2 pathway. PAEC were grown
to 80% confluence and were placed in low serum (0.01% FBS) overnight. Cells
were then pre-treated with HGF (25 ng/ml) for 20 minutes prior to treatment
with 10 uM Ang II for 24 hours. (A) PAEC cells were pre-treated with either

LY294002 (10 uM) or U0126 (10 pM) for 20 minutes, followed by HGF (25
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ng/ml) prior to treatment with 10 uM Ang II for 24 hours. Cytosol and nuclear
extracts were ran on a western and analyzed for the nucleolin protein. (B) Cells
were pre-treated with U0126 (10 uM) for 20 minutes, followed by HGF
(25ng/ml). Cytosol and nuclear extracts were ran on a western and analyzed for
the nucleolin and phospho-Erk1/2 protein. Data show means, + S.D. * indicates
statistical significance from control, p < 0.05, n = 3. Experiments were repeated
at least 3 times. (C) Cells were pretreated with U0126 (10 uM) or LY294002
(10 uM) for 20 minutes, followed by HGF (25 ng/ml) and Ang II (10 uM).
RNA-IP followed by PCR amplification was performed for the second AU-rich
region of the 3> UTR of Bcel-x;. (D) Cells were transfected with renilla-Bcl-xp.
3’UTR and co-transfected with a luciferase vector RSV-Luc construct to
normalize for transfection efficiency. 6 hours after transfection, cells were
placed in serum-free medium. Cells were pretreatment = U0126 (10 uM) before
treatment with HGF (25 ng/ml) for 16 hours. Luciferase and renilla assays were
performed on cell lysates. Data show means, + S.D. * indicates statistical
significance from control, p < 0.05, n = 4. Experiments were repeated at least 4

times.

Figure 8. HGF inhibits Ang II-induced apoptosis in rat lung ex-vivo explants. (A,B)
The rat lung tissue was sliced and cultured overnight in a media containing 10
uM Ang I1 £ HGF (25 ng/ml). (A) The following day, the media was used to
quantify the LDH level. (B) The tissue was homogenized and the protein lysates

were used for western blots to determine the expression level of caspase 3 and
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Bcl-x. (C) The rat lung was perfused with the media containing Ang II + HGF
for 48 hours. The lung was fixed with 10% neutral formalin. After the tissue
was cut into 10 micron sections, it was stained with DAB for cleaved caspase 3.
Data show means, = S.D. * indicates statistical significance from control, p <

0.05, n = 4. Experiments were repeated at least 4 times.

Figure 9. HGF-activated Erk1/2 is necessary to inhibit apoptosis in rat lung ex-vivo
explants. (A) Ex-vivo rat lung tissue explants were treated with 10 uM Ang I +
U0126 (10 uM) and/or HGF overnight. The tissue was homogenized and the
protein lysates were used for western blots to determine the expression level of
cleaved caspase 3. (B) 10% FBS RPMI media containing the adenovirus GFP
was perfused continuously into the rat lung for 72 hours before the tissue was
fixed and made into 10 micron sections. The GFP pictures were taken using the
Olympus microscope at 20 x magnification. The rat lung tissue extracts were
also infected with the adenovirus GFP or DN MEK for 72 hours, followed by
overnight 10 pM Ang II + HGF (25 ng/ml) treatment. Tissues were
homogenized and cell lysate was used to run western blots. Protein expression
of Erk1/2 and cleaved caspase 3 was performed. Data show means, + S.D. *
indicates statistical significance from control, p < 0.05, n = 3. Experiments were

repeated at least 3 times.
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Figure 6
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Pulmonary fibrosis is a case of dysregulated repair and remodification of the
lung in response to an injury. In normal tissue, it is critical for the cells to maintain
tissue homeostasis by eliminating “abnormal” resident cells that maybe irreparably
damaged, infected or defective [478], and this typically occurs through programmed
cell death or apoptosis. Additionally, during the resolution phase of the tissue injury,
both inflammatory cells and mesenchymal cells that were recruited to repair the
injured tissue must be eliminated to restore normal cellular homeostasis and maintain
tissue architecture and organ function [103]. Similarly, the apoptosis of
myofibroblasts is necessary for the normal resolution of tissue repair responses [103].
However, when the myofibroblasts do not undergo apoptosis, chronic inflammation
persists promoting fibroblast proliferation and deposition of extracellular matrix
proteins, reflecting dysregulated and exaggerated tissue repair [38]. Overwhelming
cellular apoptosis of the epithelial and endothelial cells can also result in unbalanced
tissue homeostasis. The loss of alveolar epithelial and endothelial cells, along with the
activation and accumulation of myofibroblasts are the key features of the
pathophysiology of pulmonary fibrosis [38, 101]. Fibrotic remodeling in the kidney,
heart, liver and lung has been shown to involve a coordinated interplay between
activated fibroblasts and the loss of normal constituent cells of the tissue [187-190].
Increased levels of angiotensin II (Ang II) have been strongly correlated with both the
transdifferentiation of normal fibroblasts to myofibroblasts and the induction of
apoptosis in epithelial and endothelial cells [74].

The major finding of this thesis is that Ang II induces apoptosis of primary

pulmonary artery endothelial cells (PAEC) by activating the mitochondria-dependent
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apoptotic pathway. Apoptosis is induced via the down-regulation of the anti-apoptotic
protein Bcel-x. by affecting its mRNA stability, which occurs as the result of decreased
nucleolin binding; however, hepatocyte growth factor (HGF) can inhibit this cellular
apoptosis. HGF acts to stabilize the Bcl-xp mRNA and restore the balance between

the pro- and anti-apoptotic proteins.

Angiotensin Il-induced apoptosis via the intrinsic apoptotic pathway

The data from this research indicates that Ang II treatment results in the release
of cytochrome ¢ from the mitochondria, and the activation of initiator caspase 9 and
effector caspase 3, ultimately leading to the DNA fragmentation characteristic of
cellular apoptosis. This data strongly suggests that Ang II induces apoptosis through
an intrinsic apoptotic mechanism.

The permeability of the mitochondrial membrane relies on the balance between
the pro- and anti-apoptotic proteins of the Bel-2 family [128]. In a basal state, the
number of pro- and anti-apoptotic molecules is in equalibrium; tipping this balance
influence cellular fate. If a stress, such as DNA damage, occurs, the induction of pro-
apoptotic molecules provides the signal to engage mitochondrial outer membrane
permeabilization (MOMP) [479-481]. On the contrary, addition of growth factors
would promote cellular survival by increasing the amount of anti-apoptotic proteins
[481-484]. Ang II treatment caused a decrease in the Bcl-xp mRNA and protein level
leading to an increase in the ratio of pro- to anti-apoptotic proteins, resulting in

MOMP, and subsequently, apoptosis.
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Bax and Bak are essential effector molecules for MOMP; absence of Bax and
Bak renders cells resistant to pro-apoptotic stimulations [485, 486]. To hinder the
MOMP effects of Bax and Bak, anti-apoptotic proteins can bind and inhibit the
function of Bax and Bak to ensure the mitochondrial integrity [480, 487]. Sedlak et
al. [480] established that Bcl-x;, can heterodimerize with Bax and inhibit apoptosis;
the failure to heterodimerize between Bax and Bcl-2 proteins led to cellular apoptosis
[487]. The ratio of Bcl-2 proteins to Bax determines dimerization and the
vulnerability of a cell to an apoptotic stimulus [481, 488, 489]. A decrease in the ratio
of Bcl-2 proteins to Bax leads to apoptosis [480]. Consistent with this, the
experimental results from this thesis confirmed that Ang II treatment reduced the Bcl-
xr:Bax interaction, resulting in Bax translocation to the mitochondria, causing the
release of cytochrome ¢ and inducing apoptosis. Bax channel blockers and Bax
inhibiting peptides suppressed Ang II-induced apoptosis. Overall, I concluded that
Ang II-mediated reduction of anti-apoptotic Bcl-xp protein level affected the balance
between the Bcl-x. to Bax, causing Bax to translocate to the mitochondria and

inducing MOMP.

Angiotensin Il induces apoptosis via AT2
Prior studies have found differing roles of AT1 and AT2 receptors in cell
proliferation and apoptosis [196, 226]. The contradictory effect of Ang II-induced
cellular proliferation versus apoptosis has been hypothesized to be determined by the

specific cell type as well as differences in downstream signaling activated by each
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receptor [176, 223, 227, 230-232]. Negative cross-talk between the AT1 and AT2
receptor has also been found [266, 273, 490-493]; for instance in vascular smooth
muscle cells, Ang II treatment can activate signals through both AT1 and AT2, where
it will lead to an activation of Pyk and ERK/ MAPK for cell survival via the AT1
receptor. This signaling by AT1 is inhibited by SHP-1 phosphatase activation via the
AT?2 receptor [273, 490]. In PAEC, I have demonstrated that Ang II-induced
apoptosis required AT2 but not AT1 activation. AT1 receptor antagonists did not
block apoptosis while the AT2 receptor antagonist inhibited Ang II-induced apoptosis.
Also, the addition of a specific AT2 agonist resulted in endothelial cell apoptosis.
This suggests that Ang II induces apoptosis via the AT2 receptor.

The basis for the preference of Ang II for selection of the AT2 receptor, rather
than AT1, to undergo apoptosis during fibrosis is still unclear. Konigshoff ez al. [199]
reported increased expression of both AT1 and AT2 receptors in human lung tissues
from patients with IPF and mouse lung tissues derived from the bleomycin-induced
model of lung fibrosis. Marshall et al. [77, 494] confirmed the finding that AT1 is
elevated, but primarily in healthy fibroblasts; Ang II treatment induced migration and
proliferation via AT receptor in these fibroblast cells. Other studies show that during
the development of fibrosis, the Ang II receptor expression undergoes a shift in favor
of higher AT2 levels in various cells including the endothelial cells [199, 203, 287].
The higher level of AT2 receptor will tip the Ang II-mediated cellular response to
AT2 mediated signaling pathway.

It is also important to note that the binding of Ang II to the AT?2 is distinct

from that of the AT1 receptor [287]. While the AT1 receptor has a constrained
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conformation and can be activated only when bound to tyrosine-4 and phenylalanine-8
residues of Ang II, the AT2 receptor has a ‘relaxed’ conformation where no single
interaction is critical for binding [287]. A previous study by Miura et al. also
demonstrated that Ang II has a higher affinity for binding to the AT2 receptor [495].
From these studies, we can conclude that the Ang II in the IPF patients will likely bind
to AT2 more readily than to the AT1 receptors, resulting in cellular apoptosis of

endothelial cells and continuing fibrosis.

Ang Il and SHP-2 regulation

There are two main signaling pathways downstream of the AT2 receptor,
protein kinase C (PKC) and tyrosine phosphatase pathways [227, 264-266]. 1
demonstrated that Ang II utilizes the tyrosine phosphatase pathway to induce cellular
apoptosis. The activation of SHP phosphatase is one of the major downstream effects
of Ang I1 [266, 273, 490-493]. Feng et al. [235] demonstrated in epithelial cells, an
inactive G, subunit must be present at the AT2 receptor to activate SHP-1. However,
as shown in this thesis as well as by various other studies [297-301], only SHP-2 can
be found in the endothelial cells; where as in the epithelial cells, both SHP-1 and -2
are present. This thesis demonstrates that in endothelial cells, Ang II requires the
presence of the inactive Gy protein for AT2 to activate the SHP-2 phosphatase.
Studies have shown that SHP-2 must be tyrosine phosphorylated to become active
[496, 497]. I have shown that SHP-2 is phosphorylated upon Ang II treatment within

1 minute, which is confirmed by phosphatase activity assays. My data demonstrate
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that SHP-2 is required for Ang II-induced apoptosis and SHP-2 activation is necessary
for Ang II-mediated decrease of Bcl-xi, protein levels. The data strongly suggests that
Ang II utilizes SHP-2 to induce cellular apoptosis.

Studies have shown that the adaptor protein growth receptor-bound protein 2
(Grb2) recruits and activates various proteins downstream of the AT2 receptor [280,
284, 498]. To determine if Grb2 plays a role in Ang II-mediated signaling in PAEC,
co-immunoprecipitation of SHP-2 and Grb2 was done. I found that when the PAEC
were treated with Ang II, Grb2 immediately interacts with SHP-2 (unpublished

finding), suggesting that Grb2 adaptor protein is present during SHP-2 activation.

Activation of AMPK and Apoptosis

Next, | wanted to determine the kinase that was responsible for SHP-2
activation. A study by Pan et al. [499] demonstrated that Grb2 recruits, interacts, and
mediates the phosphorylation of AMP-activated protein kinase (AMPK). AMPK
plays an important role in the regulation of energy homeostasis [293]. The kinase is
activated by an elevated AMP/ATP ratio due to various cellular and environmental
stresses, such as hypoglycemia, oxidative stress, anoxia, hypoxia, heat shock,
ischemia, and DNA damage [293]. While previous studies have demonstrated the
requirement of energy generation in the form of ATP to induce apoptosis [500-502],
the signaling mechanism for apoptosis-dependent ATP generation was unfound. My
unpublished co-immunoprecipitation data demonstrate that SHP-2 interacts with

AMPK upon Ang II treatment. Furthermore, Ang II-induced apoptosis requires
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AMPK activation that occurs downstream of the AT2 receptor and not the AT1
receptor in PAEC (unpublished finding). Inhibition of AMPK activation by the
AMPK inhibitor compound C prior to Ang II treatment resulted in decreased SHP-2
phosphorylation and lack of SHP-2 phosphatase activity (unpublished finding). These
results strongly suggest that AMPK is the kinase responsible for phosphorylation and
activation of SHP-2.

While I found strong evidence that AMPK phosphorylates SHP-2 to induce
cellular apoptosis, the activation of the AMPK protein itself brought up the question:
why would the activation of an energy generating kinase be necessary in cells that are
undergoing apoptosis? Before investigating the question, I confirmed the necessity of
energy-dependent apoptosis by treating the cells with compound C or the ATP
synthase inhibitor oligomycin prior to the Ang II treatment. Inhibition of AMPK and
ATP synthase both suppressed the AT2-induced apoptosis (unpublished finding).
This suggests that Ang II-induced apoptosis requires the activation of AMPK for
energy production during apoptosis.

Studies have shown that cellular apoptosis requires energy [500-502]. Li ef al.
first demonstrated that ATP is necessary for and can accelerate caspase-3 activation
[503]. Also, in the presence of ATP/dATP, Apaf-1 becomes active to recruit the
initiator caspase 9 [503]. Liu et al. [504] found that dATP can initiate the activation
of CPP32 and DNA fragmentation. CPP32 is an apoptotic protein marker that exists
in the cytosolic fraction as an inactive precursor that becomes activated in cells

undergoing apoptosis [505, 506]. The elevated presence of dATP in Hela cells caused
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cleavage and activation of poly (ADP-ribose) polymerase, PARP, and subsequent
DNA fragmentation [504].

AMPK activation has also shown the ability to affect the expression of proteins
through mRNA stability [507]. Through an unknown mechanism, the activation of
AMPK reduces the cytoplasmic level of the RNA-binding protein HuR [507]. HuR
has been shown to stabilize specific mRNAs in the cytoplasm by binding to their 3’
untranslated regions [507]. The mRNA targets of HuR include proteins that regulate
the cell cycle, such as cyclin A and cyclin B1 [507]. By destabilizing and decreasing
the mRNA and proteins required for cell cycle progression, the cells will stop their
growth and development. Another biosynthetic pathway that is down-regulated by the
activation of AMPK is protein translation. Protein translation accounts for ~20% of
the energy used in the growing cells and is sensitive to decreases in ATP synthesis
[509]. Two possible ways in which AMPK can influence the inhibition of translation
have been found. First, the AMPK-mediated phosphorylation and the activation of
elongation factor 2 kinase will prevent the elongation step in translation [510, 511].
Second, the activation of AMPK can inhibit the target of rapamycin (TOR) pathway
[512-514], which is associated with protein synthesis and cell growth [515-519]. The
inhibition of the mTOR pathway by AMPK activation occurs through phosphorylation
of TSC2 [520]. The TSC1-TSC2 complex is known to negatively regulate cell growth
by inhibiting mTOR [521]. When the phosphorylated TSC2 forms a complex with
TSC1 and inhibits mTOR, cell growth and protein synthesis are inhibited and under
certain conditions, the cells may undergo apoptosis [521]. Prevention of cell growth

along with the inhibition of protein translation results in cellular apoptosis [508].
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Ang ll1-mediated destabilization of Bcl-x, mRNA

As Ang II treatment resulted in decreased Bcl-x;. protein expression, I wanted
to determine if the Bcl-x; mRNA level was also affected; therefore, the total RNA
from Ang II- treated cells was used for qPCR with the Bcl-x. primers. The result
revealed that Ang II does decrease Bcl-xp mRNA. There are three possible
mechanisms that can decrease the Bel-xp mRNA: alternative splicing of Bcl-xi. to Bel-
xs, downregulation of the Bel-xp promoter, and Bcl-xp, mRNA decay.

Alternative splicing results in two distinct Bcl-x mRNAs: anti-apoptotic Bel-xi,
and pro-apoptotic Bel-xg[522, 523]. Anti-apoptotic Bel-x, contains two highly
conserved BH1 and BH2 domains that are essential for the anti-apoptotic functions of
the Bcl-2 protein family [487]. In pro-apoptotic Bcl-xs, the conserved BH1 and BH2
domains are absent [487]. This absence is due to the alternative splicing of the
common pre-mRNA. While Bcel-x;. displays two complete coding exons, Bcl-xg lacks
the 3’ terminal section of the first coding exon [522]. This is due to exploitation of a
facultative splice donor site in the first coding exon [487]. To determine whether
alternative splicing occured in my system, cells were treated with Ang II and total
RNA was isolated. Using the primers for Bel-xp and Bcel-xs, I demonstrated that Ang
IT does not produce Bcl-xs mRNA (unpublished data), suggesting that the Ang II-
mediated Bcl-xp mRNA decrease is not due to alternative splicing.

The second possible mechanism is the down-regulation of the Bcl-xi. promoter.

The Bcel-xi, promoter is a directed by a complex mechanism which uses alternative
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promoters to regulate Bel-x; and Bel-xg [138]. Grillot et al. [524] originally reported
that the Bel-x gene is transcribed from two TATA-less promoters found between -149
and -142 and between -655 and -727. Furthermore, Pecci et al. [138] discovered three
additional promoters further upstream located at -1886, -2721, and at -3412 relative to
the start site and MacCarthy-Morrogh et al. [525] demonstrated that these promoters
contain a TATA consensus sequence. In prior studies, Bcl-x;, expression was
influenced by various transcription factors including E-twenty six (ETS), nuclear
factor B (NF-xB), and signal transducers and activators of transcription (STATS)
[526-529]. To determine whether the Bcl-x;, promoter affects the level of the mRNA,
I transfected PAEC with Bcl-x; -luciferase promoter. However, Ang II treatment did
not affect the Bcl-x;. promoter (unpublished findings), suggesting that Ang I1-
mediated Bcl-x; mRNA decrease is not through the promoter.

Lastly, an mRNA degradation assay was performed. I demonstrated that Ang
II treatment resulted in a decrease in the half-life of Bcl-x;; mRNA from ~7 hours
(control) to ~3 hours (Ang II). This reduction of Bcl-x; mRNA, and thus Bel-xp
protein levels leads to a decreased ratio of anti-apoptotic proteins to pro-apoptotic

proteins, resulting in cellular apoptosis.

Nucleolin binding and stabilization of Bcl-x, mRNA
Many studies have reported multiple genes that are regulated at the post-
transcriptional level through the 3’-untranslated region (3’UTR), such as interleukin-3,

B-interferon, junB, c-myc, c-fos, c-jun, granulocyte-macrophage colony-stimulating
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factor (GMCSF) and cycoloxygenase-2 (Cox2) [370, 530-538]. One mechanism of
mRNA stabilization occurs through adenylate/uridylate-rich elements (AREs) within
the 3’UTR that consists of the pentamer AUUUA [381]. Notably, a cis-element ARE
has demonstrated to be critical for the stability of mRNAs [381]. I have identified
three AREs in the Bcl-x; 3’UTR for RNA-protein binding sites (Figure 10).

A number of RNA-binding protein family members that have been shown to
bind to AREs include HuR, nucleolin, ARE/poly-(u) binding/degradation factor 1, far
upstream sequence element binding protein, heterogeneous nuclear ribonucleoprotein
C, tristetraprolin, TIA-related protein, and T cell restricted intracellular antigen [390-
392, 394, 539-541]. Each of these RNA-binding proteins physically interacts and
stabilizes the mRNA [217, 390-392, 394, 539]. Specifically, nucleolin has been
found to stabilize several messages including Gadd45, Bcl-2, IL-2 and Bel-x; [141,
391, 394, 542].

Nucleolin is a multifunctional RNA- and DNA-binding protein that is
ubiquitously expressed [543]. Studies have shown that phosphorylated nucleolin
plays a role in cell survival by aiding in the stabilization of Bcl-2 and Bel-xp mRNA in
the cytoplasm [391, 544]. When cytoplasmic nucleolin binds to the 3’UTR of Bel-xy
it prevents AU-targeting of the mRNA for degradation [141, 391]. However, when
nucleolin is dephosphorylated, the protein is translocated from the cytoplasm to the
nucleus [329]. In the nucleus, nucleolin has various activities including nucleogenesis

[354], transport of ribosomal components to the cytoplasm [345], rRNA processing
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>gi1 125991765 ref|NM_001077486.2| Bos taurus BCL2-like 1 (BCL2L1),
nuclear gene encoding mitochondrial protein, mRNA

CCGGAAGTGACTGAGCTTGCAAGTTCCCCCGGTCTCTTCAGGGAAACTGAGGCCGGCTCGTTCGGAAGAG
AGAGCGCGAGCCGTCAGCCAGGTAGGCCGGCCCCGGTCCGCAGCGCGGAACTTGGCCGCGAAGAGCACTC
GCGCCCGGAAACGACCTGGCCGATGAAGGGGGTATGTGGCCCCCCACGGCTCGCGGGGCTCGCAGAACCT
TGTCTTGGCTTTGGATCTTCGAAGAGAACCACTAAGCAGAGACCAGACCCAGTGAGTGAGCAGGTGTTTT
GGACAATGGACTGGCGGAGCCCATCCTTATTATAAAAATGTCTCAGAGTAACCGGGAGCTGGTGGTTGAC
TTTCTCTCTTACAAGCTTTCCCAGAAAGGATACSCTGGAGTCAGTTTAGTGATGTGGAAGAGAACAGAA
CTGAGGCCCCAGAAGGGACAGAATCAGATATGGAAACCCCCAGTGCCATCAATGGCAACGCATCCTGGCA
CCTGGCGGATAGCCCTGCTGTGAATGGAGCCACTGGCCACAGCAGAAGCTCGGATGCCCGGGAAGTGATC
CCCATGGCAGCGGTGAAGCAAGCCCTGAGGGAGGCAGGCGATGAGTTTGAACTGAGGTACCGACGGGCAT
TCAGCGACCTGACGTCCCAGCTCCACATCACCCCAGGGACAGCATATCAGAGCTTTGAACAGGTAGTGAA
TGAACTCTTCCGGGACGGGGTGAACTGGGGTCGCATTGTGGCCTTTTTCTCCTTCGGTGGGGCACTGTGC
GTGGAAAGCGTAGACAAGGAGATGCAGGTATTGGTGAGTCGGATCGCAACTTGGATGGCCACTTACCTGA
ATGACCACCTAGAGCCTTGGATCCAGGAGAACGGCGGCTGGGABCTTTTGTGGAACTCTACGGGAACAA
TGCAGCAGCCGAGAGCCGGAAGGGCCAGGAGCGCTTCAACCGCTGGTTCCTGACGGGCATGACTGTGGCT
GGTGTGGTTCTGCTGGGCTCGCTCTTCAGTCGGAAATGACCAGACACTGACCACCAACTCACCCACACAC
CCCCGTCCTGCCTCCACCACATCTCTCCGTCCAGCCACCATTGCACCAGGAGAACCACTCCAT GGAGCC
CACAGCCACCCACACATCACAGGGTTGGGCCTAGACCTGATCCCCCGCAATTAGTTTTCTAGN TTA CA
TGTTTCTGTGAGAGCCACCTTCCTCAATTGTCGTGGCATCAAAACCCACAAAATTCCCTAGAACCTGCCC
CGGTGGAAGCTAACAGGTGTCGGGGGTTGTGACTGGGGGCCGGAGTGCCCCACCCGATTGGTGGGTCCCC
TTCCGCATTTAGGGTCCCTGAGCATGCTTTCTTGCCAGGGAGCTGGAABTTTTCTGACCCTTTTCCCC A
GAAAGAGAGACAATAGATTGCCTTCATTTTGATGTCTGTGGCCTCAGAATTGATCRTTCCTGTCTCCTC
CCTCCTCCCGGCCCTGGGCCCCCCGTCCATTCATCCCCACCCTCCAAGAGCCACTTAGGACCCACTTCTG
ACTAATTAGGGATTCAGGATGCTTGGGATAAAGAAATAAGGACCAGGACCCCCTCCCCCTCTCTGACCTG
GCCAAAGTCCCTCCCCCCAATCCCAGTGTCCTCTGGAGGTCTCTGGCTAGAGGCCGGCCTCACCCGAGAT
GGAGGGACTGTAGCTGTAGGAAGCACCCCATGCCAAAGCTGGGGTGGCCTTGCAGTTTAGCACCACCCCA
GTTCTTCCCCTTCCCTGGCTCCATGACCATGACTGAGGGACCAACTGGGCTTGAGATAGGTGCCGCAGAG
CCGTTCATGGCCTCAGCTGCCTCACTTCCTGCAAGAAGATGAGCCTGTGGCTTCTTTGCCTTGGGCTGCT
GCCCATGGGGTTCAGGGGCCATGGTCCAGAGGTGAGGGGGAGCTACAGGGAGCAGCTGTGGGAGTIAG
GGTCTTCCTACCTCAGGCAGGAAGGGCAGGAAGGAGAGCCTTGTGCGTGGGGTGGAGCTGGGATTGGCCG
GAGGGGCCAGCCCTGCCTGGCCTGAACAATTGGTACCCCACCCCCATTCAGCCTGAGCAGCCGGGCTGCC
AAGGTCAGGATGGCCTGGCCAGGAGCTCTTCTGACCTCCCTCTCTCTCCTCTGCTCCACCCACGGCCTGT
CTCATCCCTGGGGGTCCAGGCCTAGTCCTGGCCACCCGGGCTCTCTGCTGTACATATT TGAAACTAGTT
TTTATTCCTTGTGAAGATGATATACTATTTTTGTTAAGCGTGTCTGATTTA TGTGTGAGGAGCTGCTGG
CTTGCAGTGCGTGTGCACGTGGAGAGCTGGTGCCCGBGATCGAACAGCCTGATGCT CCCTGCACCCCCA
CCCCACCCCACCCCCCGCCCTGGTCTGGGGAAGCCAGCCGGGGGTCCTGGCTCCTGAGAGGCACCTGTCC
CTCCCCTAACCCCCAGCCCACACTTTTTCCAGCTCTTTGAAATAGTCTGTGTEAAGTAAAGGTGCAGTT
CAGTAATAAAATGTGTTCTTCGTGAAAAAAAAAAAAAAAAAAAAAAAAAA

Figure 10, Bcl-xL 3'UTR sequence. Nucleotides in red are the ARE biding sites. The bolded
nucleotides indicate the primer sequences for the first and the third ARE while the
underlined bases represent the primer sequences for the second ARE site.
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[341], and chromatin remodeling [545]. The phosphorylation of nucleolin in the
nucleus can result in the shuttling of the protein out of the nucleus to the cytoplasm
and also alter its sensitivity to proteolysis [356, 543, 546]. When the level of
nucleolin is reduced by siRNA or by agents that cause its degradation, cells undergo
growth arrest and apoptosis [547, 548].

Through RNA-immunoprecipitation, I revealed that nucleolin binds to the
second ARE of the 3’UTR of Bcl-xp, mRNA. This thesis also demonstrates that Ang
II-mediated down-regulation of Bcl-xy, is associated with decreased binding of
nucleolin to the 3’UTR of Bel-xp mRNA. With Ang II treatment, the interaction
between nucleolin and Bcl-x; mRNA decreases, which results in the destabilization
and degradation of mRNA. The disruption of the interaction between nucleolin and
the 3’UTR region of the Bcl-x; mRNA is thus the proposed mechanism by which the
degradation of the Bcl-xp mRNA leads to the reduction of Bcl-xy, protein and
imbalance of pro- to anti-apoptotic proteins in the cell.

The question of how nucleolin would detach from the 3’UTR of the Bel-xi.
remained unclear. Because I had already demonstrated that the phosphatase activity of
SHP-2 is required for apoptosis and Bcl-x;, degradation, I hypothesized that SHP-2
was desphosphorylating nucleolin. Inhibition of SHP-2 activation by compound C
inhibited the Ang II-induced down-regulation of Bcl-x;, 3’UTR. I also provide
evidence that inhibition of SHP-2 phosphatase activity with compound C prior to Ang
II treatment prevented the displacement of nucleolin from the Bel-xp 3°’'UTR. Based
on the previous studies and my data, I concluded that that Ang II-mediated

dephosphorylation of nucleolin plays an essential role in the degradation of Bel-xi.
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mRNA.

While I confirmed my hypothesis that SHP-2 is essential for Bel-xp mRNA
destabilization, the evidence for SHP-2 directly dephosphorylating nucleolin is yet to
be found. Determined by the NetPhos 2.0 program, nucleolin has one possible
tyrosine phosphorylation site (Figure 11). This site remains a possibility for which the
tyrosine phosphatase SHP-2 can dephosphorylate directly. There are no previous
reports that SHP-2 can directly dephosphorylate nucleolin, but an indirect pathway can
be suggested. One possible pathway in which the activation of SHP-2 may lead to the
dephosphorylation of nucleolin is through a PI3K/Akt kinase mechanism. Nucleolin
also contains 6 serine and 4 threonine possible phosphorylation sites. The PI3K/Akt
signaling pathway is generally recognized for its ability to counteract cell stress
responses that lead to cell cycle arrest or cell apoptosis; the serine/threonine kinase
Akt is able to phosphorylate proteins to promote cell survival [549]. Various studies
have shown PI3K/Akt to phosphorylate nucleolin and stabilize the mRNA [550-552].
However, a number of studies have demonstrated that SHP-2 can dephosphorylate
Akt, leading to cellular apoptosis and cell cycle arrest [300, 553]. Therefore, one
indirect mechanism by which SHP-2 can regulate Bcl-x; mRNA is through the
dephosphorylation and inactivation of Akt, which would prevent nucleolin
phosphorylation. The lack of constant Akt phosphorylation will leave nucleolin
susceptible to phosphatases to dephosphorylate the protein and causing nuclear
localization. I have evidence showing that Ang II-induced nuclear translocation of
nucleolin resulted in the decreased interaction between the protein and 3’UTR of Bcl-

xp mRNA, causing down-regulation of Bcl-xp mRNA and protein. This shift resulted
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Bos Taurus Nucleolin Sequence

203

LSYSATEE TLQEVFEKATHIKVPQNQNGKSKG Y AFIEFA SFEDAKEALNSCNKREIEGRAIRLELQGPRG ~ SPNARSQPSK 80
TLFVKGL SEDTTEETLKESFDGSIRARIV TDRETG SSKGFGFVDFN SEEDAKAAKEAMEDGE IDGNKVTLD  WAKPKGEGG 160
FGGRGGGRGGFGGRGGGRGGRGGFGGRGRGGFGGRGGFRGGRG 240

Phosphorylation sites predicted: Ser: 6 Thr: 4 Tyr: 1
Serine predictions Threonine predictions
Name Pos Context Score Pred Name Pos Context Score Pred
V. \Y
Sequence 2 ---LSYSAT 0.050 - Sequence 6  SYSATEETL 0.034 .
Sequence 4 -LSYSATEE 0.099 - Sequence 9 ATEETLQEV 0.757 *T*
Sequence 30 QNGKSKGYA 0.254 - Sequence 18 FEKATHIKV 0.075 -
Sequence 40  IEFASFEDA 0.993 *S* Sequence 81  QPSKTLFVK 0.223 .
Sequence 50  EALNSCNKR 0.022 - Sequence 91 LSEDTTEET 0O .975 *T*
Sequence 71 GPRGSPNAR 0.556 *S* Sequence 92 SEDTTEETL 0.235 -
Sequence 76 PNARSQPSK 0.119 - Sequence 95 TTEETLKES 0.978 *T*
Sequence 79  RSQPSKTLF 0.370 - Sequence 110  ARIVTDRET 0.987 *T*
Sequence 88  VKGLSEDTT 0.947 *S* Sequence 114  TDRETGSSK 0.183 R
Sequence 99  TLKESFDGS 0.426 - Sequence 149 GNKVTLDWA 0.081 -
Sequence 103  SFDGSIRAR 0.430 R ~
Sequence 116 RETGSSKGF 0.901 *S*
Sequence 117 ETGSSKGFG 0.950 *S* Tyrosine predictions
Sequence 127 VDFNSEEDA 0.996 *S*
~ Name Pos Context Score Pred
\
Sequence 3 --LSYSATE 0.182 -
Sequence 33  KSKGYAFIE 0.522 =*Y*

n

HetPhos 2.8: predicted phosphorylation sites in Sequence

N | ‘ ‘
. |\| ‘\ |‘

t T T T
[} sa 186 158 L]

Sequence position

Serine
Threonine
Turosine

Phasphorylation potential

Figure 11: Predicted nucleolin phosphorylation sites by Netphos 2.0.
Netphos 2.0 revealed 11 possible phosphorylation sites in Bos taurus
nucleolin sequence. The predicted phosphorylation include 6 serine, 4
thereonine and 1 tyrosine sites.
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in a decreased ratio of anti-apoptotic to pro-apoptotic which would be sufficient to

induce apoptosis.

HGF inhibition of Ang Il-induced mitochondrial-dependent apoptosis

HGF has been identified as an anti-apoptotic and anti-fibrotic factor which has
been shown to prevent aberrant repair mechanisms that can lead to fibrotic remodeling
in several organ systems, including in the lung, heart, kidney and liver [554-557].
HGEF as a modulator of apoptosis is supported by numerous observations in different
cell types [558-560]. HGF has shown the ability to upregulate anti-apoptotic Bel-xi.
mRNA and proteins to prevent cellular apoptosis [526, 561, 562]. In accordance with
this, I have shown that HGF treatment upregulated Bel-xp mRNA and proteins in
PAEC. Because the relative levels and ratio of anti-apoptotic proteins to pro-apoptotic
proteins play a critical role in determining cell survival or death [563, 564], the
upregulation of Bel-xi. strongly suggests that HGF shifts PAEC towards cell survival
and growth. Upon the elevated expression of Bcl-x, the protein can bind to Bax and
neutralize all of its pro-apoptotic effects. To determine if this was true in my system, I
co-immunoprecipated Bel-x; and Bax proteins. While the treatment of Ang I1
decreased the interaction between those two proteins, pretreatment with HGF resulted
in continuous protein-protein interaction. This interaction between Bcl-xp and Bax
proteins prevents Bax dimerization and subsequent MOMP effects. This data
indicates that HGF prevents Ang II-induced MOMP and the intrinsic apoptotic

mechanism of cell death. I also provide evidence of HGF-mediated inhibition of Ang
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II-induced DNA fragmentation and apoptosis. I have validated that, in both in vitro
and ex-vivo, HGF prevents Ang II-induced cytochrome ¢ release and the activation of
caspase 3. From these data, I conclude that HGF prevents Ang II-induced

mitochondrial-dependent apoptosis in PAEC.

HGF regulation of nucleolin

As Ang Il mediates the nuclear localization of nucleolin and subsequent Bel-x;.
mRNA degradation and cellular apoptosis, I hypothesized that HGF will prevent the
Ang II-mediated dephosphorylation of the nucleolin and nuclear localization. Due to
the lack of specific phospho-nucleolin antibodies that can detect bovine protein, the
detection of phosphorylated protein on a western blot could not be done. However,
cell fractionation and immunofluoresence staining showed that while Ang II mediates
nuclear localization of nucleolin, pretreating the cells with HGF prevented this nuclear
translocation. The HGF-mediated prevention of the nuclear localization of nucleolin
would allow binding and stabilization of cytoplasmic Bcl-x; mRNA. RNA-
immunoprecipitation of nucleolin demonstrated that HGF induces a constant
interaction between the Bcl-xp mRNA and nucleolin even after the Ang II treatment.
From this, I concluded that HGF inhibits Ang II-induced apoptosis by inducing and
keeping the interaction between the nucleolin and the 3’UTR of Bel-x; mRNA, thus
stabilizing the anti-apoptotic Bel-xp mRNA and the protein.

I hypothesized that HGF-induced phosphorylation of nucleolin would cause

cytosolic localization and allow the nucleolin-3’UTR mRNA binding and stabilize
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Bcel-xp mRNA. However, the mechanism by which HGF induced phosphorylation
was unknown. There are two major pathways currently known for HGF-induced
growth and inhibition of apoptosis: p42/p44 MAPK and PI3K/Akt pathways [565,
566]. HGF-mediated activation of the PI3K/Akt pathway is associated with cell
motility [567-572] and cell survival [300, 553]. Akt has shown the ability to exert its
anti-apoptotic effects in a variety of ways, including the phosphorylation of nucleolin
[550-552]. Another mechanism whereby Akt inhibits apoptosis is through
phosphorylation of the pro-apoptotic protein, Bad [573]. Dephosphorylated Bad
forms a heterodimer with Bel-x inactivating it and thus allowing Bax/Bak to initiate
apoptosis [574]. However, Akt-phosphorylated Bad interacts with the 14-3-3 protein
homodimer [574], which allows Bcl-2 proteins to bind and inhibit Bax, preventing
cell death [574]. A previous study demonstrated that Akt can phosphorylate pro-
caspase 9 and prevent the protease activity to suppress the activation of effector
caspase 3 [575]. To determine whether HGF activates the PI3K/Akt pathway to
phosphorylate nucleolin, I treated PAEC with the PI3K inhibitor LY294002 followed
by HGF and Ang II treatments. If Akt was responsible for the phosphorylation of
nucleolin, I would have expected LY294002 to inhibit the effect of HGF on the
protein, and Ang II to dephosphorylate and translocate nucleolin to the nucleus.
However, the inhibition of PI3K did not have significant effect on the localization of
the nucleolin. This suggests that PI3K activity is not responsible for the HGF-
mediated phosphorylation and subsequent cytoplasmic localization of nucleolin.

The cell proliferation and survival pathway by which HGF activates the

cMet/MAPK cascade has been described in many normal and transformed cells [576-
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579]. HGF has shown the ability to phosphorylate p42/p44 MAPK primarily through
the Gab1/Grb2/Ras pathway [580-585]. Nakagami et al. [586] and Gao et al. [587]
found that HGF-induced p42/p44 MAPK activation inhibited apoptosis induced by
UV irradiation and chemotherapeutic drugs. Studies have demonstrated that elevated
MAPK activity is associated with decreased caspase 3 activity and increased cell
survival [588]. It has also been reported that MAPK may regulate the
phosphorylation state of anti-apoptotic proteins [233, 589]. Using the specific MEK
inhibitor U0126 as well as a dominant negative MEK-expressing adenovirus (adv DN
MEK), I have demonstrated both in vitro and ex-vivo that HGF utilizes the MAPK
pathway to protect PAEC from undergoing apoptosis. HGF pretreatment inhibited
Ang II-induced caspase 3 activation. The addition of U0126 or adv DN MEK to the
HGF and Ang II treatments resulted in an elevated level of cleaved caspase 3. This
data suggest that MEK inhibition prevented p42/p44 MAPK from phosphorylating
nucleolin, causing a displacement of nucleolin to the nucleus. I have also
demonstrated that U0126 treatment prior to HGF and Ang II treatments resulted in
nuclear nucleolin translocation, confirming that p42/p44 MAPK is necessary to
phosphorylate nucleolin and localize it to the cytoplasm. HGF treatment prior to Ang
I presented increased 3°UTR Bcl-x;. level compared to the sole Ang II treatment.
However, when U0126 was added prior to HGF and Ang II, the MEK inhibitor
negated the effect of HGF-mediated phosphorylation of p42/p44 MAPK, allowing
Ang II to decrease the Bel-x level.

It should be noted that in both in vifro and ex-vivo models, while the combined

treatments of U0126 (or adv DN MEK), HGF, and Ang II significantly increased the



195

level of cleaved caspase 3 compared to HGF and Ang II treatment, it did not increase
enough to equal the level of Ang II treatment alone. This suggests that HGF might
activate another anti-apoptotic pathway, such as PI3K along with the MAPK, to
mediate cell survival. To determine if this was the case, I treated the PAEC with
LY294002, U0126, HGF, and Ang II. When U0126 and LY294002 were added
together to inhibit both PI3K/Akt and p42/p44 MAPK, along with HGF and Ang I,
the level of cleaved caspase 3 was similar to the Ang II treatment alone. This data
demonstrates that both pathways need to be inhibited to fully negate the effects of
HGF. Overall, the data suggests that while HGF primarily utilizes p42/p44 MAPK to
inhibit Ang II-induced apoptosis, HGF also activates PI3K to elicit the anti-apoptotic
mechanisms of the pathway. Because I demonstrated that PI3K does not have any
effect on the nucleolin, I hypothesize that PI3K acts to phosphorylate Bad and help

inhibit mitochondrial dysfunction together with the MAPK pathway.

Pulmonary fibrosis is a progressive disease resulting from the abnormal
regeneration of cells after apoptosis. In the lungs, the air sacs and their supporting
structures become inflamed and scarred. As the scarring continues, the lungs stiffen
due to the deposition of collagens and other extracellular matrix proteins. The
thickening and stiffing of the lung eventually leads to difficulty breathing and lack of
oxygen in the bloodstream. Currently, there are no treatments for pulmonary fibrosis,
other than lung transplantation. The identification of specific pathways and
mechanisms for Ang II-induced apoptosis in fibrotic remodeling allows for

comprehensive investigation into possible inhibitors of this process, such as HGF. The
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known mechanism of HGF inhibition of Ang II-induced apoptosis may provide novel
targets for the mitigation of fibrotic diseases. Here, I have identified a novel
mechanism for Ang II-induced apoptosis that involves SHP-2-induced destabilization
of Bel-xp, mRNA through reduction of nucleolin binding (Figure 12). I have also
demonstrated the ability of HGF to inhibit Ang II-induced apoptosis by stabilizing the
Bcel-xp mRNA through the phosphorylation and cytoplasmic localization of the
nucleolin. Based on the work in this thesis, I believe that HGF offers an exciting

potential therapy for pulmonary fibrosis.
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Figure 12: Mechanism of HGF inhibition of Ang ll-induced apoptosis. Ang Il bind to the
AT 2 receptor and activates SHP-2 via AMPK phosphorylation in the presence of the
inactive Gas subunit. SHP-2 then dephosphorylates and translocates the nucleolin
protein to the nucleus, exposing the AU rich region of the Bcl-x mRNA, thus decreasing
the mRNA decay. The decreased ratio of anti-apoptotic to pro-apoptotic leads to
apoptosis by cytochrome c release from the mitochondria and the activation of caspase
3 protein. HGF binds to its cMET receptor, phosphorylating the MAPK protein. MAPK
phosphorylates and localizes the nucleolin protein in the cytoplasm. Cytosolic nucleolin
binds to the AU rich region of the Bcl-x mRNA, stabilizing the mRNA. This shifts the
balance towards the anti-apoptotic proteins, thus inhibiting the Ang ll-induced apoptosis.
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The long term goal of this study is to develop targeted therapy using HGF in
IPF, with the principles that this molecule can be considered a biological response
modifier to prevent and also to repress fibrosis in lung injuries by targeting relevant
biomarkers. The objective of this thesis was to understand the signaling mechanism of
Ang II-induced apoptosis and also to evaluate the cell protection and survival effect of
HGF. The central hypothesis of the proposed study was lung fibrosis and IPF is
mediated by Ang II and HGF can protect and repair the lung by interfering with the
downstream signal transduction cascade of Ang II. The rationale of the proposed and
future research is that the advanced comprehension of the signaling pathways that
regulate lung epithelial/endothelial apoptosis and cell survival will lead to new
strategies that can be used to prevent and/or treat lung injury and fibrosis, thereby
reducing the morbidity and mortality that are associated with this condition.

The data from the current research show that HGF activates a MAPK-dependent,
and not a PI3K-dependent phosphorylation of the nucleolin protein, which results in the
stabilization of the Bcl-xp mRNA, subsequently restoring the pro- and anti-apoptotic
protein balance that was previously offset by Ang II activity. However, when the
PAECs and ex vivo lung tissues were pretreated MEK inhibitor U0126 or dominant
negative MEK-expressing adenovirus (Adv DN MEK) prior to HGF and by Ang II
treatment, the level of cleaved caspase 3 was not restored to the level seen with the Ang
IT treatment alone. From the differences of expression level of the cleaved caspase 3
with HGF/U0126 or Adv DN MEK/Ang II treatment compared with that of Ang II
alone, it can be suspected that HGF still has an anti-apoptotic effect, possibly through a

PI3K pathway-mediated mechanism. HGF has been previously shown to activate the
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PI3K/AKT pathway to inhibit apoptosis through phosphorylation and inactivation of the
pro-apoptotic protein Bad [590] and also to increase Bcl-xp [591]. . In order to fully
understand the ability of HGF to rescue epithelial and endothelial cells from apoptosis
during fibrosis, it will be important to investigate other possible signaling mechanisms
by which HGF can inhibit Ang II-induced apoptosis.

Future directions of this study should involve the comprehensive investigation
of the isoforms of HGF. While HGF has repeatedly shown to be an effective anti-
apoptotic and anti-fibrotic agent, it has not been used effectively in a clinical setting.
HGF contains an N-terminal hairpin loop and four kringle domains (K1, K2, K3, and
K4). The structure is held together by 20 disulfide bonds. Due to the complex
structure that is folded by the disulfide bonds, HGF cannot be reliably produced in
mass amounts in the bacterial or in the yeast system. Thus, the problem of quantity of
HGF in addition to the quality hinders the use of this molecule in the clinic. HGF also
has naturally occurring isoforms due to alternative splicing at the kringle domains.
NK2, N-terminal hairpin loop and two kringle domains (K1, K2), is a commonly
studied isoform [565]. While the NK2 isoform is significantly shorter than the full
length HGF protein with only 8 disulfide bonds, it is not commercially available,
although the protein can be made in E. coli and refolded. While HGF has been shown
to induce cell motility, growth and morphogenesis, the NK2 splice variant induces cell
motility but not cell growth [565]. We have found that in normal lung epithelial and
endothelial cells, HGF activates both the PI3K and p42/p44/MAPK pathways, while
NK2 only activates the p42/p44/MAPK pathway (unpublished finding). The thesis

work shown here and the unpublished preliminary findings results indicate that the
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activation of the MAPK pathway is sufficient to induce a significant portion of the
anti-apoptotic activity of HGF in lung epithelial and endothelial cell cultures.

While NK2 may be a clinically viable alternative to full-length HGF, NK2
produced in bacteria must still be denatured and refolded into the correct
conformation. To overcome this obstacle, our lab has begun investigation into the use
of the internalin B protein (InlB) of Listeria monocytogenes that was found to bind to
and partially activate cMet. Studies have shown that the InIB protein functions like
HGF by binding to the cMet, and activating p42/p44 MAPK and the PI3K/Akt
pathway [592-596]. The structure of the InlB protein segment that binds to the cMet
receptor was shown to have -sheet conformation with no disulfide bonds and can be
easily produced in standard E. coli (unpublished finding).

Our lab has invented a tandem dimer of the InIB protein which has shown to
improve and strengthen the activation of both the PI3K/Akt and MAPK pathways (US
Patent Serial no. 61/122,055). Our preliminary data has shown this dimer to be as
effective as the HGF treatment in cell growth and motility. The tandem dimer of InIB
inhibits both Ang II- and bleomycin-induced apoptosis in bovine PAEC, human
bronchial epithelial cells as well as in the ex vivo rodent lungs. I believe it is crucial to
continue studying the signaling mechanism of both HGF and InIB to determine its
effectiveness in cell apoptosis inhibition. The ability of InlB to act as a HGF surrogate
may prove to be an enormous leap towards the successful treatment of pulmonary

fibrosis diseases.
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